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INTRODUCTION 

Instructions 

1. This report follows an earlier report dated 11 September 2014 that was addressed to elected members of 

Cambridgeshire County Council (‘the Council’) which examined notified Defects on the Guideway, 

explained why the defects need to be addressed, and described options that we considered appropriate at 

that time for correcting the Defects.  This led to a subsequent decision of the Council and BAM Nuttall 

(‘BAMN’) to carry out additional investigations that would further inform the parties in understanding the 

reasons for the Defects that had been observed.  Those investigations have now been carried out, although 

certain investigations, namely thermal monitoring to determine expansion/contraction movements and 

levelling to determine foundation movement, are ongoing.  The results of these ongoing investigations 

(called H and J respectively) are unlikely, however, to affect the conclusions in this report. 

2. This second report is for issue to elected members of the Council.  It has been prepared by us, Messrs 

Tony Cort and Robin Sanders, as independent engineering experts instructed by the Cambridgeshire 

County Council’s (‘CCC’) solicitors Bircham Dyson Bell (‘BDB’).  We acknowledge that we have been 

assisted by Andy Hallum BSc(Hons), CEng, MICE, MIStructE, ACIArb and Darren King BSc, MSc, FGS, 

CGeol, CEng, CEnv, MIMMM, ACIArb who have carried out under our supervision supporting reviews, 

calculations and analyses.  The Curriculum Vitae of Tony Cort, Andy Hallum, and Robin Sanders are 

enclosed in Appendix A. 

3. The report informs elected members of the development of our opinions following receipt of the results of 

the additional investigations.  These investigations have been on the northern section of the busway, 

between St Ives and Milton Road, and were funded by CCC and BAMN and administered by Skanska 

under two investigation contracts.  Our opinions herein relate to specific notified Defects on the 

superstructure (i.e. the elements of the guideway above the foundations) on the entirety of the guideway 

and notified Defects on the foundations on the northern section of the guideway, i.e. between St Ives and 

Milton Road, Chesterton.  The ground conditions on the southern section of the guideway, from Cambridge 

Railway station to Trumpington and Addenbrookes hospital are different to those for the northern section 

and, at this time, are not considered to have the potential for an adverse impact on the guideway. 

Report contents 

4. The advisory report: 

(i) summarises the September 2014 report; 

(ii) describes the investigations which were undertaken on the guideway; 

(iii) describes the conclusions we have drawn from the investigations;  

(iv) describes the Defects we are considering in outline; 

(v) summarises the reasons why it is necessary that something is done about the Defects;  

(vi) explains what, in our opinion, could happen to the guideway over time if nothing is done to correct 

the Defects; 
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(vii) reassesses the remedial works outlined in the September 2014 report;  

(viii) explains what, in our opinion, are the options available to the CCC to correct/manage the Defects, 

covering both pre-emptive repairs, reactive repairs when the effects of Defects manifest themselves 

and both pre-emptive and reactive work that will, in part or in whole, alleviate or reduce the effects 

of the Defects. 

5. Mr Cort has prepared the sections of this advisory report that discuss the investigations that relate primarily 

to the performance of the superstructure (i.e. Investigations A, E, H & I carried out by Strainstall, 

Investigation G carried out by BICS, Investigations B, C, D & F carried out by Survey Solutions, and 

Investigation K carried out by Skanska.  Mr Sanders has prepared the sections of this advisory report that 

relate to foundations and ground conditions on the northern section of the guideway.  This includes 

Investigation J undertaken by Survey Solutions and, funded solely by BAMN.  This later investigation is still 

being carried out. It comprises the monitoring of beam movement over approximately monthly intervals on 

selected parts of the guideway to aid assessment of possible foundation movement due to seasonal and/or 

vegetation related changes in ground conditions particular ground moisture contents.   
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SUMMARY OF SEPTEMBER 2014 REPORT 

6. By way of summary, our report dated 11 September 2014 contained: 

7. For the superstructure: 

(i) A description of the construction of the guideway including details of the various elements; 

(ii) A description of the Defects that exist within the guideway detailing an extensive scope of the 

remedial works or repairs required to the guideway to rectify the Defects; 

(iii) Consideration of potential remedial works options to correct the Defects to the guideway itself that 

have collectively been given the overarching title of ‘Grand Unified Defect’ (GUD).  A major problem 

is that bearings and shims continue to displace and come out and steps greater than the permitted 

tolerance of 2mm are arising in the guide face of the guiderails (see Figure 2 on page 7).  There are 

other miscellaneous notified Defects that require correction which are not within our brief; 

(iv) Outline and preliminary details of the potential remedial works (three options) based on information 

available at that stage; 

(v) Option 1 pre-emptive remedial works.  In essence, this involved the bearing pads being fixed in place 

and the shims arranged so that they do not slide out and are able to take a proportion of the horizontal 

load that the guideway is required to accommodate.  For this Option, the guideway would have been 

closed in sections to carry out the remedial works with the details for this remaining to be fully 

assessed in conjunction with the Council and the bus operators.  The estimated timeframe to carry 

out these works was 30 to 36 months, including proposed remedial works to foundations; 

(vi) Option 2 reactive remedial scheme.  This consisted of implementing the Option 1 proposals on a 

piecemeal basis.  Should one or more bearings and/or shims slip out resulting in a step in the 

guideway running surface, this would trigger remedial works being carried out to a 30 metre section.  

It was expected that the remedial scheme would be protracted and could extend over the remaining 

life of the project i.e. 35 years to complete;  

(vii) Option 3 scheme of reactive repairs.  This comprised relocating the bearing pads/shims (but not 

fixing them in place) into the original design position when steps appeared in the running surface of 

the guideway together with repairing concrete spalling and other issues.  We anticipate that the work 

would be carried out in the manner adopted for the emergency repairs to bearings, i.e. jacking up the 

guiderails to access the bearing pads and shims in order to relocate them.  .  The bearing pads and 

shims remain unfixed.  It did nothing to prevent the pads/shims continuing to slip out, nor did the 

Option correct the Defects that in our opinion were inherent in the design.  

(viii) Cost estimates for Options 1, 2 & 3 were prepared by Mr Chris Ennis of TQEF. 

(ix) The report considered the merits and demerits of the superstructure remedial works options. 

8. For the foundations: 

(i) A discussion of the background to the foundation Defects;  
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(ii) An assessment of the required depth of all the shallow foundations on the northern section of the 

busway based on the potential growth of trees in close proximity to the guideway during its design 

life, and BAMN’s zonation of ground conditions. The assessment considered two scenarios, firstly 

compliance with the contractual requirements to construct to the recommended depths given in 

NHBC design guidance for shallow foundations and a second scenario based on the BAMN’s stated 

maximum capacity for the guiderails to deflect in response to differential settlement between the 

foundations without impairment of the guiderail’s required performance, 

(iii) A listing of those shallow foundations that have been constructed to an inadequate depth for both 

above scenarios, with a estimate of when the defective and inadequate foundations may display 

unacceptable movements.  

(iv) The most reasonable and practical means of undertaking work to correct or nullify the effects of the 

foundation Defects; 

(v) An outline and preliminary details of the remedial works (three options, A, B & C) based on 

information available at that stage; 

(vi) All options dealt with the assessed future effects of trees planted as part of the guideway construction 

work by recommending pre-emptive arboricultural works and an enhanced arboricultural 

maintenance regime. All options also included pre-emptive foundation deepening works for the 

foundations between chainages 17510 – 17645 and chainages 17691 – 17811 due to excessive 

movements that had already occurred to most of the foundations along these sections   

(vii) Option A full pre-emptive works.  Consideration of the two scenarios described in (ii) above. Scenario 

1 remediate all 868 foundations which did not comply with NHBC recommended depths thus placing 

the Council in the position it would have been if it BNL had constructed the works in accordance with 

the contractual requirements.  Scenario 2 remedying a reduced number of such foundations, 643, 

allowing up to 25mm of differential foundation settlement with only a slightly heightened risk to the 

Council of future damage. 

(viii) The application of the latter approach under Option A may possibly have been a slightly conservative 

approach in respect of the number of foundations that would, with time, move sufficiently to develop 

excessive differential movement between them. This was because of an inherent uncertainty as to 

how the roots of the trees would develop with time and thus precisely how many, and which, of the 

foundations assessed as requiring remediation by pre-emptive works, would move such that the 

differential movement between adjacent foundations would definitely be sufficient for deflections on 

the guiderails to become excessive. 

(ix) Option B was essentially a ‘half way house’ between Options A and C (see (viii) below for Option C).  

It pre-emptively remediates the foundations assessed as being at greatest risk of excessive 

differential movement, many of which could be expected to show such movement in the next 10 – 

15 years if not remediated.  It thus significantly reduced the amount of reactive remedial works in 

those early years but only slightly reduced the amount of reactive remedial works in subsequent 

years.  It reduced the impact on the temporary works methodology and programming of the remedial 
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works Option 1 for the GUD and environment impact inherent in Option A.  The option, however, 

required long term monitoring to occur and predicted significant reactive remedial works could be 

necessary over the remaining life of the guideway.  Accurate prediction of when such reactive 

remedial works would be required was not feasible and thus forward year-on-year budgeting for such 

reactive remedial works would not have been possible. Additionally, as the expected effective life of 

the root barrier form of remedial works was around 20 years, a second phase of remediation would 

be necessary in the final years of the life of the guideway. This second phase would include a 

significant number of root barriers that would fail to halt differential movement and in such cases 

foundation deepening was likely to be required as a third phase of remediation. 

(x) Option C was a wholly reactive approach.  Remediation would only address the inadequate 

foundation depths when monitoring revealed that excessive differential movement was being 

approached.  There would be no impact on the GUD remedial works programme and temporary 

works and a reduced environmental impact over the other two options.  As with Option B, prediction 

of when such reactive remedial works would be required and forward year-on-year budgeting for 

such works was not feasible. As the expected effective life of the remedial works was around 20 

years, a second phase of remediation would be necessary in the latter half of the life of the guideway. 

This second phase would include a significant number of root barriers that would fail to halt differential 

movement and in such cases foundation deepening is likely to be required as a third phase of 

remediation.  As Option C would have the 105 additional ‘very high risk’ foundations being 

remediated reactively there would be considerably more on-going disruption to the operation of the 

guideway than with Option B in the forthcoming 10 – 15 years.  The report advised that if the Council 

was adverse to the environmental impact associated with Option A and/or wished to minimise the 

frequency of closure of the guideway during its life and could accept additional risks inherent with 

reactive remedial works, as summarised below, Option B was recommended.  The report advised 

there was a risk that 14 ‘high risk’ and 235 ‘at risk’ foundations on clays particularly prone to shrinkage 

may move in excess of 25mm during the first period of significant movement.  This could compromise 

the durability of overlying guiderails.   

(xi) The report discussed the merits and demerits of the foundation remedial works options and 

considered the combination of options for the superstructure and foundations. 
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DESCRIPTION OF GUIDEWAY 

9. The guideway is formed of three principal elements 

(i) the foundations; 

(ii) the concrete elements which should provide a stable running surface (‘guiderails’) and guidance for 

the buses; and 

(iii) the supports between these two elements, which are formed of bearings and shims. 

10. The guiderails are made of concrete and have upstands on the outer edges which keep the buses on the 

track.  The guiderails are kept apart by spacer beams that are bolted to the guiderails, thereby forming a 

series of ‘ladders’.  The arrangement is shown in the photograph below. 

 

Figure 1.  Photograph of a section of the guideway showing the spacer beams and foundation pads. 

11. Ladders are 10 or 15 metres long (mostly 15 m) and are supported at each end and in the centre by 

foundations.  The rails rest on plastic (high density polyethylene) shims, which in turn rest upon elastomeric 

(rubber) bearing pads.  These sit directly on a raised upper surface of the foundation pads or pile caps.  

Spacer beams 

Foundation 
pad  

Guiderail 
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Figure 2.  Photograph of a part of the guideway during construction, showing a spacer beam, 

guiderail, shims, bearing pad, and foundation pad. 

12. The shims are the only part of the guideway structure that are designed to be removed or added to allow 

limited vertical movement between the foundations and guideway ladders. The individual shims are of 2mm 

and 5mm thickness so that small, millimetre scale adjustments can be made to ensure the continuity of 

bearing between the guideway ladders and the foundations. 

13. The elastomeric (rubber) bearing pads are present to provide uniform seating of the beams and to permit 

the ends of the guiderails to rotate without damage occurring to the concrete.  Such rotation occurs when 

buses pass along the guiderails causing them to move downwards slightly, and also when one foundation 

of a guiderail moves vertically relative to the next foundation – the design was supposed to allow for 25mm 

of such differential movement of the supports.  

14. BNL’s design included for there to be 10mm of shims in place on construction and permitted a maximum 

of a further 25mm to be placed if necessary.  Limited exploratory excavations to examine the bearings and 

shims along the site, where no previous adjustments have been made, have shown that the depth of shims 

present is variable where shallow foundations are present.  We believe this reflects corrections to the level 

of the guideway undertaken by BNL prior to handover to the Council.  There appears to be no correlation 

between depth of shims and shallow foundations or ground conditions, the overall shim thicknesses 

probably being a function of how accurately in level the foundations were installed.  The depth of shims 

occasionally exceeds BNL’s design limit of 35mm as can be seen in the photograph below.    

Raised upper 
surface of foun-

dation pad 

20 mm thick 
Elastomeric 
(rubber) bearing 
pad   

Plastic shims  

Spacer beam 

Guiderail Guiderail 

Guide face 
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Figure 3.  Photograph of a foundation pad upon which there are more than 35mm of shims. 

15. Alternate joints in the ladders are designated as ‘fixed’ and the guiderails at these locations are designed 

as touching end-to-end.  At these locations both ladders were ‘fixed’ by brackets positioned against the 

spacer beams and bolted to the foundation pads or pile caps.  These brackets are intended, according to 

DDG Rev 6, to provide restraint to longitudinal movement of the ladder units under a longitudinal force of 

about 24 tonnes.   

 

Figure 4.  Photograph of a ‘fixed’ joint longitudinal restraint bracket. 

16. The other joints between the fixed joints are not ‘fixed’.  They were designed to allow longitudinal movement 

arising from temperature changes which cause expansion and contraction of the ladder units.  These joints 

are called ‘free’ joints. 
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surface of foun-
dation pad 

Plastic shims of 
various        
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20mm thick 
Elastomeric 
(rubber) bearing 
pad   

Bottom surface of guiderail 

Spacer beam 

Bracket placed 
against spacer 
beam about to be 
bolted to the 
foundation pad 
top surface 

Upper surface of   
foundation pad, 
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below the spacer 
beam  
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17. The beams are designed to be restrained laterally (across the direction of bus travel) by brackets that are 

placed against the inside of the guiderails at every joint. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Photographs of lateral restraint brackets. 

  

 

 

 

Lateral restraint brackets for straight rails 

Separate lateral restraint 

brackets for curved rails 

Spacer beam 

Guiderail 
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ADDITIONAL INVESTIGATIONS 

18. Investigations were carried out to provide a better understanding of the performance and behaviour of the 

as-constructed guideway: 

(i) in relation to its stiffness characteristics and the implications of this; 

(ii) in providing a definitive record of the extent of alleged steps (longitudinally and transversely), 

concrete spalling, concrete cracks, spacer movements, and joint widths; 

(iii) in identifying the frictional properties of the shims and elastomeric pads; 

(iv) in investigating any bearing/shim movements; 

(v) in obtaining levels of the guideway at certain locations including foundation level monitoring; 

(vi) in monitoring thermal expansion/contraction; and 

(vii) in monitoring the performance of the guideway under braking of a fully-loaded bus. 

19. The investigations are described in the following paragraphs: 

20. Investigation A.  This investigation, carried out at three locations, was designed to assess the stiffness 

characteristics of the guideway ladder assembly i.e. the superstructure.  It comprised raising and lowering 

the structure at various points close to the bearing support positions and loading the guideway with a vehicle 

of known weight, whilst recording the support reactions and ladder deflections/movements. 

21. Investigation B.  This investigation involved bearing surveys at the January 2014 boroscope1 photographic 

survey of bearings at Longstanton (chainages 10946 to 11141 Cambridge-bound track) with associated 

levelling surveys.  The intent was to compare the results with the 2014 bearing surveys. 

22. Investigation C.  This investigation comprised a walkover survey to record visual defects such as vertical 

and horizontal steps at joints, spacer beam movements, and spalling. 

23. Investigation D.  This investigation consisted of levelling the guideway ladders at various locations to 

assess any distortion of the structure in terms of out-of-planeness.  Each ladder is supposed to be 

assembled and put in place such that the running surface of the two guiderails form a single plane with no 

twist or bend in the ladder. 

24. Investigation E.  This investigation involved testing the lateral restraint brackets to assess their resistance 

to movement, since we considered this to be potentially inadequate.  This was carried out by jacking 

opposite brackets apart, involving four pairs of brackets each with two bolt holes, at two locations.  Some 

included packer plates beneath the brackets.  Tests were carried out with one of the brackets fixed with 

either one bolt or two bolts. 

                                                 

1      A boroscope is an optical device consisting of a rigid or flexible tube with an eyepiece or camera on one end and 

an objective lens on the other.  It facilitates examination of the otherwise inaccessible bearings/shims. 

https://en.wikipedia.org/wiki/Eyepiece
https://en.wikipedia.org/wiki/Objective_lens
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25. Investigation F.  This investigation was similar to Investigation B except that the surveys were carried out 

at 60 discrete beam end chainage locations (105 ladder ends) along the guideway (selected using 

information from investigation C but with no comparison being undertaken with previous surveys.  The 

primary intent was to assess the reason for the vertical steps between guideway ladders that have been 

recorded. 

26. Investigation G.  This investigation comprised testing the frictional coefficients of the shims against 

concrete, elastomeric bearing pads and other shims, and the frictional coefficients of elastomeric bearing 

pads against concrete.  Original and replacement (new) shims were tested.  Selected material property 

testing was undertaken to compare original and new shim properties. 

27. Investigation H.  This investigation is monitoring over time the thermal movements and air/concrete 

temperatures of the guideway at two separate locations (at the time of writing, this investigation has been 

in progress since the beginning of 2015 and is ongoing).  

28. Investigation I.  This investigation consisted of brake tests using a fully-loaded double decker bus and was 

carried out at three locations, two where the superstructure is supported on pad foundations and one at 

screw pile foundations.  This included recording the performance of the guideway from a bus travelling at 

its maximum speed with the brakes then applied sufficiently hard (as in an emergency) to operate the bus’s 

anti-braking system.  This would generate the maximum braking force that would be expected to be applied 

to the guideway in the operational condition assuming no skidding occurred.   

29. Investigation J.  This investigation consists of monitoring the level of each guiderail’s running surface 

directly above 181 selected foundation pads between chainages 6343 and 19993 where there is a 

perceived high to very high risk of future foundation movement.  A template was used at each location, with 

the objective of identifying vertical height changes over time due to changes in seasonal weather patterns.  

BAMN proposed the surveys and selected a number of locations.  Capita’s expert Mr Sanders also selected 

a limited number of locations based on the assessment of foundation compliance at the time of the 

investigation specification.  This investigation is currently continuing on a monthly basis.   

30. Investigation K.  This investigation was carried out to assess concrete damage at the bottom of the joints 

in the guiderails at all locations where excavation had been carried out for Investigations B, E, F and I.  In 

addition, the survey was extended in August 2016 to record the situation at other random locations. 

Timing of Investigations.   

31. The investigation site operations were carried out on the following dates: 

Investigation A 

Location 1: 08.11.2015; Location 2.1: 29.11.2015; Location 3: 06.12.2015; Location 2.2: 13.12.2015.  

Investigation B 

B1 (Photographic survey) First Survey 11.10.2015; Second Survey 15.12.2015. 

B2 (Level survey) First Survey 13.10.2015; Second Survey 15.01.2016. 
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Investigation C 

Survey 15.09.2015 to 09.11.2015. 

Investigation D 

Survey 10.11.2015 to 03.12.2015. 

Investigation E 

Testing 08.12.2015 to 14.12.2015. 

Investigation F 

F1 (Photographic survey) 14.12.2015 to 19.12.2015. 

F2 (Level survey) 14.12.2015 to 17.12.2015. 

Investigation G 

Laboratory testing 14.10.2015 to 19.11.2015. 

Investigation H 

Installation 02.10.2015 to 04.10.2015; On-going information being received since then on daily basis via 

data logger. 

Investigation I 

Location 1: 18.10.2015; Location 2: 31.01.2016; Location 3: 17.07.2016. 

Investigation J 

First Survey including survey station installations: 22.09.2015 to 08.10.2015 (No template used).   

Subsequent surveys approximately monthly using a locating template to provide reliable repeat survey 

comparisons from 21.10.2016 and ongoing at the time of writing. 

Investigation K 

Inspection survey 02.02.2016 to 04.02.2016. 

Additional Inspection Survey 23.08.2016 to 24.08.2016 
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WHY BEARINGS AND SHIMS ARE COMING OUT – THEORY 

In-Plane Guideway Ladder 

32. By ‘in-plane’ we mean that the longitudinal gradient of a ladder is constant over the three pairs of supports 

and that any difference in level transversely across the two guiderails (which is actually supposed to be 

zero because there should be no superelevation2) is also constant.  In other words, the guiderails are 

straight and there is no twist in the ladder. 

33. The design intent is clear from the Contract requirements.  The Contract Specification 2100 contains a 

Bearing Schedule (based on BS 5400 Part 9) and states that the type of fixing for the bearings is ‘Friction’ 

assuming that the coefficient of friction between bearing and upper or lower surface is a minimum of 0.4 

and the coefficient of friction between shims is also a minimum of 0.4.  In addition, DDG Rev 6 Appendix A 

refers to BS 5400 Part 9 as the definitive requirement for the design of bearings.  In our opinion, therefore, 

the contract requires the guideway bearings to be designed to BS 5400 Part 9.1 and the Works Information 

requires the elastomeric bearings to be tested in accordance with BS 5400 Part 9.2 (see Contract Appendix 

1/5). 

34. The design intent is also evident from the Maintenance Manual BAM137A/CGB/MM/09 Rev 6 which states 

at section 3.4.1,  

“On the mainline guideway, the beams rest on plain non-laminated elastomeric bearing 

pads at each support position allowing free rotation and translation. The bearing pads 

are not fixed to the beam or foundation, friction being adequate to prevent relative 

movement.”   

It also states,  

“The adjustment shims also rely on the weight of the beams and friction to prevent 

relative movement between the interfaces. The shims were surface roughened to 

provide the required coefficient of friction for this element of the design.  Bearings and 

shims are expected to remain in service for the design life of the guideway.” 

35. The total weight of a 15m long guideway ladder is in the order of 305kN (30.5 tonnes) and the end support 

reactions3 are approximately 32kN (32 tonnes).  A support (or bearing) comprises a combination of 

elastomeric pad plus several adjustment shims, see paragraph 11 and Figure 2. 

36. BS 5400 Part 9.1 Clause 10.1.3(d) states that the design of elastomeric bearings should be such that “either 

they do not slip under the applied forces when checked in accordance with 10.11 or they are mechanically 

fixed to the structure above and below.”  Clause 10.11 contains the formulae for determining whether or 

not friction is adequate.  The formulae in Clause 10.11 are independent of the coefficient of friction of 

                                                 

2  Superelevation is where there is a slope from one side to the other and is employed on transport infrastructure projects 
to aid drainage and to ease vehicles traversing a curve in the longitudinal alignment of the project. 

3  Reaction force is defined as the force exerted on a structure when it rests on something – this is effectively Newton’s Third 
Law which states, “For every action, there is an equal and opposite reaction.”  In this case, therefore, the reaction force is 

equivalent numerically to the load on a bearing. 
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bearing/shim interfaces etc., and we have calculated that the vertical load at a bearing requires (formula is 

V > A1(1+ b/l), where V is for self weight only, A1 is the area of the bearing pad, and b & l are the dimensions 

of the pad) to be 205 kN.  This shows therefore that there is inadequate friction according to BS 5400 Part 

9.1. 

37. Investigation H – Temperature Related Movements (see §130 below) shows that daily 

expansion/contraction of the guideway ladders is typically 2mm to 4mm and frequently greater than 2.5mm. 

38. Notwithstanding the requirements of BS5400 Part 9.1, we have calculated that for an ‘in-plane’ ladder, with 

end bearing reactions of approximately 32kN (see paragraph 35 above), with coefficient of friction of 0.4, 

and with bearing pad shear stiffness of 5.4kN/mm (given by Ekspan in its bearing schedule), slippage of a 

bearing pad/shims can occur for thermal expansion/contraction of a guideway ladders only 2.37mm (see 

Figure 6 below).  Given that thermal expansion/contraction is frequently greater than 2.5mm, the bearing 

design is flawed irrespective of the stiffness of the guideway superstructure because there is insufficient 

friction to retain the bearing pads in place even for an ‘in-plane’ guideway ladder undergoing thermal 

changes without trafficking of the guideway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Calculation for Slippage of Bearing Pad and/or Shims. 

39. Acceptance of inadequate friction for fixity of the bearings and shims in our opinion constituted a failure to 

act with the reasonable skill and care to be expected from an ordinarily competent and experienced design 

engineer. 

 

  

W F 

Δs H 

R   W = Minimum load on support = 32 kN 

     For bearing Shear Stiffness (Shs) = 5.4 kN/mm 

     F = Force required to distort bearing by Δs = 5.4 x Δs 

µ = Coefficient of friction = 0.4 
 
H = Available frictional restraint = W x µ = 32 x 0.4 = 12.8 kN  
 
To avoid slippage H must be greater than F 
 
Therefore slippage will occur when Δs > 12.8 / 5.4 = 2.37mm 

 

Guiderail 

Foundation 
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WHY BEARINGS AND SHIMS ARE COMING OUT – INVESTIGATIONS  

Ladder Stiffness and the Design 

40. DDG Rev 6 states at Section 5.1:  

“The beams will be modelled by a simple line beam analysis taking into account lateral 

load, induced vertical load and torsion.  Grillage analysis of the overall system using 

Superstress will be used to check the torsional effects applied to the overall ‘ladder 
beam’ structure.” 

We acknowledge that the Works Information does not prescribe beam or ladder stiffness, nor 

indeed the form of the design and the method of construction.  However, in our view, the Works 

Information does require a stable design where the performances of the superstructure and 

the substructure meet the needs of each other.  In this respect, the provisions of BS 5400 are 

relevant.  Part 1 refers to the objective of BS 5400 as follows: 

“The aim of BS 5400 is the achievement of acceptable levels of probability in order that 
the structure being designed will not become unfit for the use for which it is required, 

i.e. that it will not reach limit state during its design life. It specifies certain design 

requirements and a coherent set of partial safety factors for bridges in the UK), which 

combine to provide what is considered to be an acceptably low probability of attaining 

the limit states given in Clause 3. 

It has been assumed in the drafting of this British Standard that the executions of its 

provisions will be entrusted to appropriately qualified and experienced people.” 

Furthermore, Clause 3.4 of BS 5400 Part 1 states: 

“The configuration of the structure and the interaction between the structural members 
should be such as to ensure a robust and stable design. The structure should be 

designed to support loads caused by normal function, but there should be a reasonable 

probability that it will not collapse or suffer disproportionate damage under the effects 

of misuse or accident.” 

41. The design therefore needed to be stable and needed to work. 

42. We have neither found nor been provided with the design calculations to see how or what torsional effects 

were determined.  We understand that these have never been provided to Atkins despite its requests to 

BAMN. 

43. DDG Rev 6 also states at Section 5.3: 

“Concrete section properties will be calculated in accordance with BS 5400 part 4 clause 

4.4.2.1(c), i.e. net transformed sections.” 

44. BS 5400 Part 4, Clause 4.4.2.1 states: 

“General. Elastic methods of analysis should be used to determine internal forces and 

deformations. The flexural stiffness constants (second moment of area) for sections of 

discrete members or unit widths of slab elements may be based on any of the following. 
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a) Concrete section. The entire member cross section, ignoring the presence of 

reinforcement. 

b) Gross transformed section. The entire member cross section including the 

reinforcement, transformed on the basis of modular ratio. 

c) Net transformed section. The area of the cross section which is in compression 

together with the tensile reinforcement, transformed on the basis of modular ratio.” 

45. The stiffness characteristics of the ladder assemblies including the ‘rigidity’ of the spacer to guideway 

connection was in the control of the designer.  The implications of assumed uncracked section (i.e. using 

the entire member cross section) versus gross transformed section versus net transformed section (BS5400 

Part 4 Clause 4.4.2.1) should have been considered. 

46. We believe it was acceptable  for the analysis of the structure to be based on a ‘net transformed section’.  

However, we believe that, given the superstructure and the foundation design were interdependent, the 

sensitivity and implications of the alternative approaches in §44 above should have been examined.  If it 

then proved necessary for the ‘actual’ stiffness, both longitudinally and laterally, to be confirmed, testing a 

guideway ladder should have been considered.  Compatibility of actual superstructure stiffness with 

behaviour of the foundations would then have been achieved in the design.   

47. The problem on the busway is that the ladder is actually behaving more stiffly both longitudinally and 

laterally than assumed by the designer.  As a result, it cannot accommodate, without rocking or see-sawing, 

the design-specified differential movement between foundations or the design specified lateral tilt of any 

single foundation.  The design is in our opinion flawed in this respect. 

Investigation A – Stiffness Characterisation 

Longitudinal direction 

Figure 7.  Indicative Plan on Guideway ‘Ladders’ (Single assembly shown highlighted green). 

48. Analysis of the test results from Investigation A has indicated that the guideway ladders are behaving in a 

much more rigid (stiff) way than was thought previously, both longitudinally and transversely.  Previously 
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we had assumed that the guiderails would be performing as a cracked concrete element, in response to 

settlement or heave or loadings on the guiderail e.g. bus loadings.  This was on the basis of BAMN’s design 

statement that the guiderails could deform by up to 25mm longitudinally and 10mm laterally to 

accommodate foundation settlement.  

49. The surface cracking, visible at the top surface of many of the guideway beams, appeared to support this 

approach.  We therefore previously adopted: 

(i) flexural stiffness properties for the guiderails that reflects a cracked beam element.  That is, areas of 

concrete assumed to be in tension were ignored and replaced with a factored value of the 

reinforcement area within this tension zone.  We then calculated the flexural stiffness using the 

remaining area of concrete, assumed to be in compression, and this factored area of reinforcement 

together with the geometric relationship between them.  This is referred to as a “net transformed 

section” in BS 5400-4:1990, clause 4.4.2.1 (c).  The longitudinal stiffness now assessed from the 

measured data in the additional investigations indicates the guiderails approximate to the flexural 

characteristics of an uncracked element.  Thus our current analyses utilise the full cross sectional 

area of the concrete, ignoring the reinforcement, to obtain a value for the flexural stiffness.  This is 

referred to as a “concrete section” in BS 5400-4:1990, clause 4.4.2.1 (a).  

(ii) a reduced modulus of elasticity4 to consider the difference in the effects of the long term (permanent) 

and short term (bus) load effects on the guideway.  Table 3 in BS 5400-4: 1990, provides values of 

the modulus of elasticity (Ec) of concrete under short term loading for various concrete strengths.  It 

is then normal to allow half the tabulated value when considering long term loading to take what 

engineers refer to as creep into consideration. In adopting this approach, we used a modulus of ¾Ec 

(equivalent to an average value [(Ec + ½Ec)/2)].  The longitudinal stiffness now measured indicates 

the guiderails approximate more towards the elasticity characteristics for short term loading.  Thus 

our current analyses utilise the full modulus of elasticity for the concrete.  

50. The guideway ladder is also stiff in a transverse direction so that it acts like a stiff plate such that the 

guiderails do not act as two independent elements of the guideway ladder.  This means that any 

tilting/twisting of the guideway ladder and/or its associated foundation in a transverse direction has a 

marked effect on the vertical reactions (loads) at bearings, and in particular end (corner) bearings.  

Differential movement between foundations also has an effect on end bearing reactions. 

51. A summary of the test results from Investigation A is enclosed in Appendix B. 

Effect of ‘In-Tolerance’ Guideway Ladder Construction 

52. By ‘in-tolerance’ we mean that, the guideway is constructed in accordance with the contract, within the 

specified tolerances in the Works Information.  The tolerances are given at Clauses 21 and 22: 

                                                 

4         Modulus of elasticity is defined as the ratio between a stress (i.e. force per unit area) that acts to deform the body and the 

corresponding fractional deformation (i.e. strain) caused by the stress. 
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“21.  The design levels of the guideway running surface shall be calculated from the design vertical 

alignment, superelevation and crossfalls. For the level of any point on the constructed surface the 

absolute variation from the design level shall be ± 6 mm for each guideway. 

22.  The relative step height between the two running strips on a guideway, measured in the plane of 

superelevation perpendicular to the design horizontal alignment, at points equidistant from the 

guideway centreline shall not exceed 2mm as shown on figure 22, both at construction and at 

handback after 10 years.”  

 

Figure 8.  Permitted Variation from Design Level.  

  

 

 

 

 

 

 

 

 

Figure 9.  Permitted Variation in Level across Guiderails.   
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53. Clause 21 is illustrated at Figure 8 and Clause 22 is illustrated at Figure 9. 

54. The Design Document for Guideway (DDG Rev 6) provides the same information on tolerances at Clause 

4.2.8.  

55. These permitted tolerances mean that the guideway can be constructed with non-straight beams and with 

a twist in the ladder assembly, i.e. the ladder is not then ‘in-plane’. 

56. We consider it possible, therefore, on the basis of permitted construction tolerances without even 

considering foundation movement, that shimming of the beams during construction could result in the 

guideway ladders being constructed out-of-plane with a slight twist built-in.  The result of this could be, for 

construction in accordance with the contract, a reduced reaction at a bearing thereby increasing the risk of 

bearing and/or shim movement under smaller thermal expansion and contraction movements.   

57. In the interpretative results from Investigation A enclosed in Appendix B, the figures in red denote negative 

numbers, i.e. downward displacements and reductions in load.  As indicated above, a 2mm difference in 

level laterally (i.e. step height difference of running surfaces at points equidistant from guideway centre line) 

is permitted by the Works Information at paragraph 22 of Appendix 7/1.  The results of the Investigation A 

tests show that a constructed 2mm difference in level laterally can reduce load on a bearing by around 15 

kN (i.e. approximately 50%).  A mere 4 to 5mm of lateral differential settlement is then sufficient to reduce 

bearing reactions to near zero, and thus frictional restraint also to near zero. This would mean that shims 

and/or bearings are then completely unrestrained and the guideway ladders are on the verge of rocking. 

58. The Works Information (and the DDG Rev 6) requires a vertical tolerance from one side of the track running 

surface to the other of +/-2mm (i.e. laterally) and longitudinally to +/-6mm from the design alignment.  On 

the basis of the findings detailed in §50 and §57 above, these tolerances alone can produce unacceptably 

low reactions at a corner of a guideway ladder because the guideway ladders are so stiff.   

59. Further we have calculated that reactions can reduce to zero if diametrically opposite corners of a ladder 

are low by 2mm when the centre of the ladder is high by 6mm.    

60. In essence, therefore, the guideway has not been designed to accommodate the permitted construction 

tolerances. 

Effect of Foundation Movement 

61. The Design Document for the Guideway (DDG) Rev 6 (which is not part of the Works Information) was part 

of the design prepared by BAMN and accepted by the Project Manager. Thus work not in accordance DDG 

rev 6,  is a Defect.  This document states at Clause 4.2.5.8 that the design of the guideway will allow for a 

maximum differential settlement of 25mm between adjacent supports in the longitudinal direction.  It also 

states that the design of the guideway will allow for a maximum transverse differential settlement across 

foundation bases of 10mm and that the 10mm transverse differential settlement is not in addition to the 

25mm longitudinal differential settlement. 

62. For the guideway ladders in their present form, the guideway is behaving too stiffly to accommodate, without 

bearing pads and/or shims coming out or without rocking or see-sawing of the ladders, the longitudinal and 
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transverse differential settlement figures of 25mm and 10mm respectively stated in the design document 

DDG Rev 6. 

63. Furthermore, the Maintenance Manual BAM137A/CGB/MM/09 Rev 6 states, “The design allows for a 

maximum adjustment due to heave of 10mm. That is, the shims have been initially set at a thickness of at 

least 10mm.”   Up to 10mm of foundation heave was therefore supposed to be allowed for in the provision 

of the shims, as the design stipulated (Drg No CGB/GD/B/010Z) that the shims would be initially set at 

10mm.  These shims could be removed.  The design further allowed for up to 35mm of shims to be placed 

and thus, if 10mm of shims had been installed, the maximum possible upward adjustment of the guideway 

to accommodate settlement of the foundation would be 25mm.   

64. Our analysis shows that movements below the above figures (i.e. 25mm longitudinally and 10mm 

transversely) can give rise to rocking (side to side) or see-sawing (end to end) of the ladders.  Such rocking 

and see-sawing has been observed in the operation of the guideway.  Assessment of the results from 

Investigation A shows that the guideway ladder is so stiff transversely that even for an in-plane ladder a 

mere 1mm of differential settlement between end bearings (side to side) for a given support will cause a 

significant reduction (approximately 25%) in the load reaction at that bearing.  We assess therefore that a 

transverse differential settlement of only 4mm is sufficient to reduce an end bearing reaction to approaching 

zero, meaning that shims and/or bearings are completely unrestrained and the guideway ladders are on 

the verge of rocking. 

65. Similarly, again assuming there is no out-of-planeness of the constructed ladder the stiffness in the 

longitudinal direction is such that, on average, around 12mm settlement of four end bearings (i.e. at both 

ends of a guideway ladder) relative to centre bearings could cause reactions at each of the end bearings 

to approach zero as a bus travels over the length of the guideway.  Consequently the longitudinal differential 

settlement between both ends of a guideway ladder relative to the central support of about 12mm would 

also mean that shims and/or bearings are completely unrestrained and the guideway ladders are on the 

verge of see-sawing. 

66. It is evident therefore that differential movement between adjacent foundations and lateral tilting of 

foundations can severely further affect the vertical reaction at a support/bearing and reduction of this 

reaction will further increase the likelihood of shims and/or elastomeric pads coming out. 

67. An unknown element is the effect of any future foundation movement on the guideway ladders. It is possible 

this would increase crack depths in the concrete thereby reducing the stiffness of the guideway.  We have 

not considered this aspect. 

Effect of Low Coefficient of Friction of Shims and Elastomeric Pads 

Investigation G – Coefficient of Friction Tests on Shims and Elastomeric Pads 

68. The design intent that friction is adequate to retain the bearing pads in place is given in Contract 

Specification 2100 and in DDG Rev 6 which refers to BS5400 Part 9 for the design of the bearings – see 

§33 above.  The design intent is also described in the Maintenance Manual BAM137A/CGB/MM/09 Rev 6 

at Section 3.4.1 which indicates that the bearing pads are not fixed to the guiderail or foundation and that 
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friction is adequate to prevent relative movement.  Because the bearings and shims are moving and slipping 

out, we decided that it would be appropriate to ascertain the coefficient of friction between the various 

interfaces (shim to concrete, shim to shim, shim to bearing pad, and bearing pad to concrete).  If the 

coefficients of friction are low then it would be reasonable to conclude that these are further exacerbating 

reasons for the shim and bearing pad displacements that have been observed.  

69. The purpose therefore of Investigation G was to test the frictional resistance of shims and bearing pads.  

The results are summarized thus: 

 

Figure 10.  Investigation G coefficient of friction test results. 

70. Tests were also carried out on both original (used) and replacement (new) shim materials because we 

noted they were different in appearance.  The tests showed that the used and new shim materials have 

different frictional characteristics.  Our enquiries have indicated that they are of different manufacture.  The 

results of the used shims are of greater relevance to shim stability since these constitute the majority of the 

constructed guideway.     

71. There is an assumed requirement for the bearing pads to also have a coefficient of friction of 0.4 in Contract 

Specification 2100 (see footnote to the Bearing Schedule), though this was not referred to on the drawings.  

Commensurate with this, we have found no design requirement for the elastomeric pads to be fixed to the 

concrete foundations.  We note, however, that Ekspan (the bearing pad manufacturer) had stated in its 

bearing schedule the need to fix the bearing pads to the foundations but this was not specified in the design 

of the guideway.   

72. Investigation G has indicated that the coefficient of friction of the shims is variable. The used shim surfaces 

and bearing pads have coefficients of friction that vary substantially and many of these are less than 0.4.  

Minimum values for the coefficient of friction (peak coefficient of friction columns in Figure 10 above) of 

used shims vary from 0.26 to 0.37.  Significantly, the coefficient of friction between elastomeric pads and 

concrete are generally less than shim to concrete and shim to shim i.e. there is less restraint to the bearing 

moving under a load than the shims.  In our view, this in part explains why pads have often come out, 

leaving the shims behind – see Figure 11 below.  There are several interfaces at a bearing (pad to concrete, 

pad to shim, shim to shim, shim to concrete.  Consequently, whether pads or shims move out depends on 

the respective coefficient of friction at each interface. 
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73. Our analysis shows that even a coefficient of friction as high as 0.35 is significant in contributing to loss of 

bearings and/or shims and thus the recorded coefficients of friction show a significant contribution to the 

losses. 

 

 

 

 

 

 

 

 

Figure 11.  Bearing pad has ‘walked out’ from beneath the shims. 

 

74. What is clear from Investigation G is that the risk of bearings and/or shims moving out is further increased 

because of lower coefficients of friction that are often less than 0.4.  

Summary 

75. The design is inadequate in the restraint of shims and elastomeric pads.  Even for an ‘in-plane’ guideway 

ladder, the restraint inadequate in resisting movement caused by thermal expansion and contraction of the 

guideway ladders.  The risk of the shims and elastomeric pads coming out is further exacerbated by each 

of the following effects:  

(i) Permitted construction tolerances; 

(ii) Foundation movement; and 

(iii) Low coefficients of friction. 

76. This is the fundamental defect in the design and construction of the Guideway.  In our opinion, any remedial 

scheme needs to address the stability of shims and bearings. 

FOUNDATION MOVEMENTS AND SHIM/BEARING PAD MOVEMENTS EVIDENCED BY 

INVESTIGATIONS B, C, D, F & J 

Investigation B1 – Boroscope Bearing Surveys 

77. Investigation B1 photographs show, in our judgement, that 11 bearings out of 56 (20%) exhibit shim 

movement relative to bearing pads between the photographs of January 2014 and December 2015.  It is 

not possible to determine from the photographs whether there is ongoing movement of the pads. No shims 

or pads have become completely displaced, though one bearing shows shims displaced by an estimated 

150mm.  Appendix C summarises our interpretation of the shim movements relative to the bearing pads. 

 

Bearing Pad Shims 
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Investigation B2 – Level Surveys at Longstanton 

78. Investigation B2 shows there is twist in some of the guideway ladders that may be linked to shim movement.   

79. Our calculations using the foundation survey information indicates that 7 of the 14 foundation pad top 

surfaces are out of the horizontal plane by over 2mm the permitted tolerance for the overlying guiderail in 

DDG Rev 6. 

Investigation C – Walkover Survey 

80. Investigation C shows that some 3.9% of joints have vertical steps that exceed 2.0mm (which is greater 

than the permitted construction and handback tolerance of 1mm in DDG Rev 6).  In our view vertical steps 

are the result of bearing/shim loss and/or possible tilting of foundations about a transverse axis. 

 

 

 

 

Figure 12.  Diagram (exaggerated for clarity) showing how tilting of foundation can result in a step at a joint. 

 

 

Figure 13.  Vertical step tolerance at joint.     Figure 14.  Horizontal step tolerance at guide face.  

81. Investigation C records, inter alia, vertical and horizontal steps at joints.  Figures 13 and 14 above show 

the limits of these steps required by the Works Information.  We include in Appendix D, summaries prepared 

by Atkins of the extent of vertical and horizontal joint displacement before the investigations, surveyed from 

September to November 2015 and since Investigation C (based on a survey by Atkins on 16 May 2016). .  

Atkins has carried out an assessment of the Investigation results and compared these with the step 

dimensions in Defect Notice 287 and 288.  This led Atkins to carry out a re-survey in May 2016 to resolve 

certain anomalies in the results.  This showed that in some 13 instances the Defect Notice dimensions were 

incorrect and that in several locations the steps had increased in height.  Atkins has reported (see letter to 

BAMN dated 26 July 2016 included in Appendix D) that there are 343 instances (i.e. 6.1%) of vertical steps 

at joints greater than 2mm.   
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Investigation D – Level Surveys at Various Locations (Beam Ends) 

82. Investigation D shows that, where there are vertical steps, many of these are accompanied by out-of-plane5 

guideway ladders.  We believe it reasonable to conclude that in such situations, foundation movements, 

which can result in reduced bearing reactions, are contributing to the bearings and/or shims coming out. 

83. Investigation D shows that 812 out of the 942 (about 86%) guideway ladders surveyed are out of plane by 

amounts that exceed the contractual tolerances and handback tolerances as stated in the Works 

Information, i.e. paragraphs 21 and 22 of Appendix 7/1 (see §81 above).  These tolerances are also referred 

to in the DDG Rev 6.  In addition, there are some 762 guideway ladders (about 81%) containing a twist or 

longitudinal out-of-planeness that in our opinion is unacceptable (based on reaction reduction discussed in 

§57 and §65 above) as regards the effect on bearing/shim stability, and has given, or is likely to give, rise 

to increased bearing/shim loss in the future.  Furthermore,  from our analysis of the stiffness of the guideway 

ladders, there are 547 guideway ladders (about 58%) with distortions greater than either 4mm laterally or 

24mm (i.e. equivalent to 12mm at both ends) longitudinally.  At these locations, there is, in our view, likely 

to be approaching zero load on the shims and bearing pad(s) resulting in negligible friction to retain them 

in place, and thereby exacerbating the risk of bearing pad and/or shim loss with thermal 

expansion/contraction movements ‘walking’ them out and/or the loading/unloading events from vehicle 

trafficking vibrating them out.  

84. If the levels from Investigation D denoting out-of-plane guideway ladders were to be representative of the 

whole guideway (which we consider to be likely), this would suggest that at least one third of the bearings 

over 80% of the guideway could be at increased risk of coming out on the basis that two diametrically 

opposed bearings out of the six per ladder are likely to be affected.  However, as indicated above at §32 to 

§36, even for an ‘in-plane’ guideway ladder, there is a risk of the end bearings coming out which would 

equate to two thirds of the guideway supports (bearing pads and/or shims).  

Investigation F1 – Boroscope Bearing Surveys 

85. Investigation F1 photographs are at several locations where vertical steps at joints have been recorded in 

the Investigation C survey.  It appears that many of these are associated with where bearing pads and/or 

shims have come out.   

86. Appendix E summarises the observations we have made from the 209 beam support boroscope survey 

photographs.  We have taken the reasonable assumption (in the absence of a baseline survey at 

construction) that the bearings and shims were constructed by BAMN in a neat stack and not in a disorderly 

and irregular stack.  Examination of the photographs show that in some locations shim and bearing 

movements are relative to each other whilst in other locations it appears that the bearings are moving out 

or have moved out entirely and sometimes with little apparent movement of the shims. 

                                                 

5 ‘Out-of-plane’ means that there is a change of gradient longitudinally and/or transversely along the length of the ladder.  
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Photograph observations Number of supports 

Shim thickness estimate > 35mm 9 

Shim thickness estimate < 10mm 65 

Shim or bearing movement visible 56 

Table 1.  Summary of Investigation F1 boroscope survey. 

87. Table 2 summarises the number of occasions where the shim thicknesses are greater than and less than 

provided for by the accepted design.  It also indicates the number of investigation F locations where 

significant shim and/or bearing movement is evident – in our view this comprises 27% of the bearings 

photographed. 

88. Shim estimates greater than 35mm thickness relate to chainages 17226, 17781 and 17896 only. 

89. Shim estimates less than 10mm thickness include 10 locations where shims were not visible and could 

relate to displaced bearing or shims. 

Investigation F2 – Level Surveys at Various Locations 

90. Investigation F2 (level survey) was undertaken between 14 and 17 December 2015.  Table 2 summarises 

the results of the level survey in terms foundations and guiderails of out of horizontal plane and relationships 

with shim or bearing displacement. 

Observations 
Number of 
support 
locations 

Number of shims 
with significant 
displacements 

Number of supports including  
foundation levels out of plane 
> 2mm in same direction 

No. of  guiderail levels > 2mm out 
of plane away from the guideway 
centreline 

42 26 11 

No. of  guiderail levels > 2mm out 
of plane toward the guideway 
centreline 

34 12 15 

No. of  foundation levels > 2mm 
out of plane below guiderail  
centres away from the guideway 
centreline 

20 10 _ 

No. of  foundation levels > 2mm 
out of plane below guiderail 
centres toward the guideway 
centreline  

58 26 _ 

Table 2.  Summary of Investigation F2 level survey. 

91. Figure 15 below presents diagrams to explain the descriptions in Table 2 above.  

92. Of the 26 supports where the guiderails and foundations are out of plane in the same direction with vertical 

differences of greater than 2mm, 10 of the supports are adjacent to each other on the same foundation 

which relates to movement of five foundations. 
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Figure 15.  Diagrams to accompany Table 3.  



 

Cambridgeshire Guided Busway – Advisory Report on Guideway Defects and Corrective Measures 

 

 

27 

 

93. Of the 56 bearing and shim displacements observed, 38 relate to the northern section and 18 relate to the 

southern section.  On the northern section 29 are located where guiderails are more than 2mm out-of-plane.  

It appears that out-of-planeness contributes to bearing/shim loss but is not the only mechanism.  

Bearings/shims can displace and come out as a result of thermal expansion/contraction alone because 

there is insufficient friction to retain them in place even for ‘in-plane’ guideway ladders.  We describe the 

mechanism(s) for this at §107 to §111 below. 

94. A summary of Investigation F is enclosed in Appendix E, with a description of the photographed Defects 

including where shims and bearing pads have come out. 

Investigation J – Foundation Level Monitoring at Various Locations 

95. Investigation J was proposed by BAMN to identify vertical height changes over time due to changes in 

seasonal weather conditions.  There have been a number of issues relating to the reliability of the datums 

installed by the survey contractor as a limited number have been shown to have moved relative to stable 

datums installed at Bridge Road Bridge.  The survey contractor has provided ongoing revisions to the data 

supplied such that the information recorded within this advice note may not be the final agreed data set. 

96. Capita proposed additional locations on the basis of those assessed with the potential to indicate relative 

movement related to tree influence on the underlying clay soils 

97. A total of 1108 guiderail support level points relating to 93 end-of-guiderail and 91 mid-span chainages 

were selected to be monitored monthly.  Based on the lateral out-of-planeness tolerances identified from 

Investigation A (§57), a change of 2mm was selected by us to estimate the number of bearings/shims 

locations at risk.   

98. Table 4 and Table 5 below summarise the results of the monitoring. 
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Oct 2015 558 165 291 1116 N/A N/A N/A N/A 

Nov 2015 554 160 295 1108 32 154 32 154 

Dec 2015 554 160 294 1108 61 157 33 298 

Jan 2016 554 155 294 1108 104 84 49 377 

Feb 2016 554 154 299 1108 100 161 55 479 

Apr 2016* 554 164 295 1108 376 177 222 420 

May 2016 554 157 299 1108 269 265 140 375 

June 2016 554 158 298 1108 163 55 173 339 

July 2016 554 156 295 1108 75 94 155 351 

Aug 2016 554 161 290 1108 204 137 260 361 

*  We currently believe this to have been surveyed inconsistently and are awaiting a reply by the survey contractor 

Table 4. Summary of Investigation J monthly level monitoring showing +/- 1mm vertical variations. 
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Oct 2015 558 117 248 1116 N/A N/A N/A N/A 

Nov 2015 554 116 242 1108 9 40 9 40 

Dec 2015 554 112 244 1108 15 32 18 61 

Jan 2016 554 110 246 1108 21 0 22 74 

Feb 2016 554 108 245 1108 37 62 42 177 

Apr 2016* 554 119 247 1108 202 66 74 252 

May 2016 554 112 247 1108 130 144 70 172 

Jun 2016 554 114 246 1108 32 16 90 169 

July 2016 554 115 248 1108 25 19 86 196 

Aug 2016 554 121 246 1108 99 79 119 173 

* updated August 2016 

Table 5.  Summary of Investigation J monthly level monitoring showing +/- 2mm vertical variations. 

99. There may still be some inconsistencies in the data set, relating to adjustments made as the surveyors 

when they changed to a new datum. This being reviewed by the survey contractor. 

100. Defect correction works were reported to be carried out on displaced bearings and shims in January 2016 

between chainages 17531 and 17586 on both guideways.  The level surveys show an increase in level of 

the monitoring points on the guideway of between 0.5 and 10.4mm on the Cambridge-bound guideway but 

no such increase in the St. Ives-bound survey data.  The result of Defect correction work is that 16 survey 

locations show an increase in level to the previous month’s level greater than 1mm and 13 survey locations 

show an increase greater than 2mm. 

101. The Investigation J data indicates that there is a significant number of vertical guiderail movements of 

greater than 1mm each month.  
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102. A significant number of guiderail ends that were levelled are potentially out of a horizontal plane (over 80% 

> 1mm and over 60% > 2mm).   

103. Inspection of the guiderail surveys between October 2015 and June 2016 indicates that vertical difference 

between adjacent beams ends (out-of-planeness) has increased between beams by greater than 1mm at 

up to 92 survey locations. 

104. The implications of monthly vertical displacements is that to keep the guideway in plane the guiderail 

supports would need to be maintained by adding or removing shims on a monthly basis.  This is an 

unacceptable level of maintenance for a design condition particularly when one takes into account a 

requirement to avoid health and safety risks related to maintenance. 

Conclusions from Investigation Evidence 

105. The results of the investigations confirm to us that the contractual requirements and the design intent (see 

§33 & §34 above) have not been realised.  Analysis of the investigation results confirm that there is 

insufficient friction to hold the bearings in place.  This is primarily due to the lightweight form of construction 

that results in inadequate friction at the end bearings of each guideway ladder.  The vertical load is far 

below that required by BS5400 Part 9.1.  In addition, the inherent stiffness of the guideway ladders means 

that they have an inability to deform to accommodate the differential vertical movement (longitudinally and 

transversely) of the foundations which have occurred or might occur in future.  This stiffness means that if 

there is any significant differential transverse vertical movement, even a mere 2mm, there is or will be a 

very substantial variation in load on the bearings. As friction is a function of load, where the load is 

substantially reduced there will be even less friction to prevent the bearings moving.  The investigations 

have shown a substantial number of the guideway ladders were either constructed, or have moved due to 

the inadequately designed and built shallow foundations, such that the ladders are twisted and loads 

reduced on the bearings.  Notwithstanding this, we have calculated that bearing pad and/or shim movement 

can occur due to thermal movement alone even on ladders that display no out-of-planeness (see §32 to 

§37 above), and the probable mechanism for how the bearings/shims can displace and come out is shown 

diagrammatically in Appendix F. 

106. Investigation J suggests that there is a potential for between 21 and 274 interventions on a monthly basis 

on the monitored section to maintain 2mm changes as identified from the level survey.  Table 6 basically 

suggests the number of potential monthly interventions due to movements in supports of 2mm.  We would 

not consider this a reasonable design condition. 
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HOW BEARINGS AND SHIMS ARE COMING OUT 

107. We have given consideration to probable mechanisms that lie behind the ‘walking out’ of bearings and/or 

shims.  One such mechanism is illustrated in the diagrams in Appendix F.  The principle illustrated is that 

cyclic thermal expansion and contraction of the guideway beams can cause a bearing pad (or shim) to 

move in one direction only because of a lip forming in the bearing pad gives rise to resistance that is 

additional to friction alone – see Figure 16 below. 

 

Figure 16.  Uneven compression of Elastomeric Bearing Pad. 

108. This results in walking of the bearings.  We are aware of research in the USA (papers in Texas and Florida 

dated October 1995 and March 2007 respectively) that investigate the walking out of bridge bearings due 

to the bearings being ‘wedge shaped’ in cross section, thereby providing  greater resistance in one direction 

(up slope) than in the other direction (down slope).  This is similar in principle to the CGB case which can 

give rise to greater resistance in one direction than in the other direction.  Furthermore, the CGB bearing 

pads can become slightly wedge-shaped for various reasons –  for example non-uniform load being applied, 

foundations not being parallel to the running surface due to construction details and tolerances (e.g. 

foundation installed horizontally whist the beam is installed at a gradient longitudinally), tilting of 

foundations, differential movement of foundations etc. 
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109. There is also advice available in the UK on the vulnerability of bearings to ‘walk’.  The Network Rail 

Standard, NR/L3/CIV/140/100GN, “Model Clauses for Civil Engineering Works, Section 100, Bearings” 

published 5 June 2010 for example.  Within the General section, at 100.1, this states: 

“Generally, elastomeric bearings should not be glued in place as this will inhibit their 
maintenance and removal. On the other hand, the vulnerability of the bearings to ‘walk’ 
(by creeping or ratcheting) shall be considered: this susceptibility can be exacerbated 

where (a) the top and bottom contact surfaces are not parallel (hence, these surfaces 

should be parallel with the bedding material) and, (b) the shear stiffness of the bearing 

is high compared to the frictional forces. Installing stainless steel keep plates on the 

bearing shelf around the base of the bearing will prevent it from ‘walking’.” 

110. In other instances, the displacement of the bearings/shims could be associated with rocking or vibration of 

the ladders resulting in the bearings being ‘bounced’ out, but we consider this to be a secondary 

mechanism. 

111. There are yet further instances found during the investigations where lateral movement of pads has 

occurred.  This may be caused by the effect of bearings becoming ‘wedge shaped’, through rotation / 

twisting of a guideway relative to the foundation, as referred to in the USA papers referred to in §107 above.  

An alternative cause may be differential settlement across a foundation where a tree might take out more 

water from the soil on the outside of the guideway than towards the centre resulting in increased settlement 

on the outside of the guideway. 

112. Consequently, consideration has been be given to an appropriate remedial solution in relation to: 

(i) the foundations for limiting longitudinal and transverse differential movements, to restrict rocking or 

see-sawing of the guideway within the constraints of the original contractual design requirements; 

(ii) the guideway ladder, in restraining the bearings/shims.  This is necessary to prevent loss of bearing 

pads/shims. 
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LACK OF LATERAL RESTRAINT 

Theory – Calculation of possible capacity 

113. Prior to development of the investigation proposals, we carried out calculations for the capacity of the lateral 

restraint brackets based on the manufacturer’s literature for the plastic bolt sockets cast into the foundation 

concrete. 

114. We calculated the ultimate capacity of the lateral restraint brackets to be in the order of 15 kN, and it was 

on this basis that we proposed on-site testing of the brackets as this was below the required capacity, 50kN.   

Investigation C – Walkover Survey 

115. Investigation C has shown that some 11% of joints have horizontal steps (or displacements) in the guide 

face that exceed 2 mm (which is the permitted construction and handback tolerance). 

116. We include in Appendix D, summaries prepared by Atkins of the extent of horizontal joint displacement 

before the additional investigations; these were surveyed from September to November 2015 and since 

Investigation C (based on a survey by Atkins at 16th May 2016)..  Atkins has carried out an assessment of 

the Investigation results and compared these with the horizontal step dimensions in Defect Notice 288.  

This led Atkins to carry out a re-survey in May 2016 to resolve certain anomalies in the results.  Atkins has 

reported (see letter to BAMN dated 26 July 2016 included in Appendix D) that there are 504 instances 

(i.e.9%) of horizontal steps at joints in excess of 2mm. 

Investigation E - Resistance of Lateral Restraint Brackets to Slip 

117. Paragraph 4.4.1.17 of the Works Information includes the requirement, “The guide kerb and attachments 

shall be designed to resist without displacement or deformation a sideways force of 50 kN applied at the 

top of the kerb”.  Investigation E has demonstrated that all 8 lateral restraint brackets (which similarly need 

to resist the 50kN applied force without displacement) tested have a restraint capacity much lower than the 

50 kN requirement.  Enclosed in Appendix G are graphs of the load versus displacement for each of the 8 

tests.  The failure load can be ascertained by examining these graphs; the failure load is when displacement 

of the brackets occurs.  Our interpretation of the approximate capacities is as follows and is based on when 

movement of the brackets is detected in the tests, for which we have taken 0.1mm as the threshold: 

Test No. Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 

         

Estimated 

Failure 

Load 

Inconclusive 

but less than 

22 kN 

4 kN 13 kN 10 kN 13 kN 8 kN 10 kN 9 kN 

Table 7.  Investigation E load capacity test interpretation. 

118. BAM and the Design JV has suggested to us that WI 4.4.1.17 relates to displacement or deformation 

relative to the running surface.  In our opinion, the clause is written so as to be generic, applying to all forms 

of construction.  For the selected ‘ladder construction’, it effectively means that the guiderails themselves 
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must not move under a load of 50kN and therefore relates to the required strength of the restraint brackets 

and their fixings.  

119. Our interpretation of the results is that the brackets have restraint capacity values of between 4kN and 

13 kN with an average of 9.5 kN, very substantially below the required capacity.  In our view this lack of 

required lateral restraint is responsible for the significant number of lateral steps.  We believe the lateral 

loadings arise primarily from wind loading on the side of buses.  In addition to wind, lurching of the buses 

due to uneven track levels could give rise to lateral forces on the guiderails. 

120. We consider consequently that the horizontal steps or displacements are caused by inadequate lateral 

restraint.   

121. We therefore conclude that any remedial scheme needs to address this inadequacy of lateral restraint. 
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LACK OF LONGITUDINAL RESTRAINT 

Investigation C – Walkover Survey 

122. Investigation C shows that the vast majority of the (so-called) fixed joints do not have abutting joints as 

designed.  This means that the guideway is not properly restrained in the longitudinal direction.  Where the 

joints are abutting, there have been instances of spalling, possibly due to rotation of the beams as a result 

of foundation movement: 

 

Figure 17.  Photograph of guiderails not abutting, and spalling in locations where they do abut. 

123. Notwithstanding the above, we have concerns about the stability of the guideway under the current 

operation of the guideway and normal bus traffic.  Investigation C has also recorded many instances where 

the spacer beams have rotated which is also an indication of lack of longitudinal restraint.  This indicates 

that the guideway ladders are not adequately restrained for normal busway operations (Investigation I was 

for an abnormal emergency braking circumstance using a fully-loaded double decker bus).   

 

Figure 18.  Photographs of rotated spacer beams.  The marked sloping surfaces in the two 

photographs to the left were originally level with the guiderail as shown in the far right photograph. 

124. Because the longitudinal restraint bracket rests against the spacer beam at the bottom (see photograph in 

Figure 18 above), there will be a rotating force (torque) applied to the spacer beam when horizontal forces 

arise where there is insufficient load on the bearings to resist these forces.  This may be from thermal 

Rails do not abut here 

 

Rails abut here but 
spalling has occurred 
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movement alone.  Given that there is insufficient friction at the bearings to resist these horizontal forces, 

the spacer beams are caused to rotate (torsion6) as can be seen in the photographs above. 

Investigation I – Braking of a Fully Loaded Bus 

125. Investigation I was carried out to measure longitudinal deformations under braking loads.  The braking tests 

were initially carried out at two locations and gave unexpected results.  Although there is a lack of 

longitudinal restraint by virtue of the gaps at the fixed ends, the guideway ladders in each case did not shift 

permanently under full braking of an ABS equipped, fully-loaded twin axle double decker bus from maximum 

speed (buses are limited to 56 mph on the guideway).  The results indicate that the guideway ladders 

moved slightly under braking but only temporarily before reverting to their original position.  We consider it 

is likely that there was sufficient frictional restraint caused by the loaded bus for the bearings/shims to resist 

sliding with the elastomeric bearings distorting under the longitudinal braking force and then reverting to 

the original state. 

126. Braking tests were also carried out at a third location where foundations comprised screw piles and a 

reinforced concrete pile cap.  The location chosen (chainage 12776 St Ives track) was where the ground 

conditions were assessed as the most adverse.  Although movement was greater than with the pad 

foundations, transient movement recorded during full emergency braking was a maximum of about 1.4mm 

and residual movement was no more than around 0.1mm. 

127. In the locations tested, the so-called fixed joints generally had open joints which meant that alternating 

guideway ladders were theoretically free to move (i.e. those ladders where the longitudinal restraint 

brackets were ahead of the moving bus).  All the results indicate there was sufficient longitudinal restraint 

in the overall guideway ladder system for braking forces in those particular tests without relying on the 

brackets.Investigation I tested the worst traffic loading condition currently in operation on the busway, in 

terms of braking forces.  However, it is possible in the future that triple action double decker buses could 

be used and these have a maximum weight of 24.4 tonnes compared with 18.0 tonnes for the twin axle bus 

used for Investigation I. 

128. In our opinion, Investigation I did not comprehensively test the adequacy of the longitudinal restraint for 

several reasons: 

(i) The tests were done with a fully loaded bus and the vertical load on the bearings was probably 

sufficient to make the bearings take the braking forces through friction and then in shear on the pads.  

The evidence is that during Investigation I the ladder moved and then moved back.  We consider the 

ladder moved because of the gap at the fixed end; 

(ii) Movement of the ladders is potentially possible under the travel of a lightly loaded bus, with less vertical 

load to generate friction to restrain the bearings and/or shims; 

                                                 

6  Torsion is the twisting deformation caused when an object is subjected to a rotating force (torque). 
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(iii) the longitudinal brackets have been found to not always abut the spacer beams (see Figure 19 below) 

and, because of gaps between spacer beams and longitudinal restraint brackets, some of the 

longitudinal restraint brackets would not take a load; 

(iv) although the longitudinal brackets were not tested, we estimate their capacity to be no more than four 

times the capacity determined for the lateral brackets (i.e. say around 40kN) since they have four bolts 

rather than the two bolts, of which only one was primarily tested under Investigation E, that retain the 

lateral brackets; 

(v) the rotation of the spacer beam can occur if guiderails abut at fixed ends and longitudinal restraint 

brackets abut the spacer beams; 

(vi) there may be friction from the backfilling etc. The adequacy of the longitudinal restraint should, 

however, ignore this contribution since it cannot be relied upon; 

(vii) the load is in fact being taken, in part, by the bearings, contrary to the design intent; and 

(viii) there would need to be factors of safety applied. 

 

 

Figure 19.  Photograph showing longitudinal bracket not abutting spacer beam. 

 

129. In the light of these reasons, we recommend that either the remedial works are designed to accommodate 

the maximum loading conditions specified in the contract (using tied joints as referred to in our September 

2014 report) or CCC agree to limit its operations to using only twin axle 18.0 tonne buses.  For the purposes 

of this report, we have assumed the former. 
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NARROW GAPS AT FREE-END JOINTS 

Investigation H – Temperature Related Movements 

130. The design of joint widths appears to be based on the superstructure being in the open air rather than being 

buried, which is reasonable given that this is the approach of BS5400 and DMRB and test data for an 

alternative buried approach is not available.  The results of Investigation H include monitoring during July 

2016 in which high summer temperatures have been experienced.  We have reviewed this data and found 

that since October 2015 (when movement readings at 150C were possible), there has been expansion of 

the guiderails of about 7.5mm at Locations 1 and 2.  Given that the design provides for an expansion gap 

at the free end joints of 10mm at 15ºC, the monitoring suggests that the design is barely adequate as 

regards the provision for expansion of the guideway ladders.   

131. The concern we had previously about reduced width of expansion joints (because there are gaps at most 

of the fixed ends) is therefore borne out given the commentary in §130 above.  Given that we are proposing 

to introduce tied joints at the so-called fixed ends (see Drawing 4 in Appendix H) and to provide longitudinal 

restraint via the bearings, a 15mm total gap at 15°C at the free ends would be more appropriate in our 

opinion.   

132. This investigation shows that day to night-time expansion/contraction cycle can be at least 1mm, frequently 

over 2.5mm, and has been recorded at as much as 4mm during July 2016.  We consider that a typical 

range would be 2mm to 4mm.  This would be accommodated by distortion of the elastomeric bearings 

except that in reality, there is insufficient reaction available to retain the bearings/shims in place when 

subjected to normal thermal expansion and contraction – see §37 below.  Consequently, we propose to 

introduce bearing/shim restraint as shown on Drawings 1 to 3 in Appendix H. 

133. Narrow free-end gaps, whilst being Defects in strict terms, are likely to be acceptable because gaps have 

arisen at so-called fixed ends which also provide for expansion.  It is our view, on balance, that it is better 

to have fixed-end gaps than abutting joints because the latter gives rise to spalling in the surface of the 

guiderail upstands and in the running surface. This is because abutting guiderail ends restricts rotation 

caused by live load and/or differential foundation movement.  Such spalling on the guiderail surface (see 

below) adversely affects ride quality. 
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SPALLING OF CONCRETE 

134. We have commented on the spalling that has occurred at fixed joints recorded in Investigation C (see §122 

above) which we believe results from an inability of the guiderails to freely rotate when subjected to 

foundation movement.  We consider that this will adversely affect ride quality. 

Investigation K – Survey of Spalling at Bottom of Guiderails (Behind Lateral Brackets) 

135. Investigation K was carried out to assess concrete damage at the bottom of the joints in the guiderails at 

all locations where excavation had been carried out for Investigations B, E, F and I.  There have been two 

investigations, one in February 2016 and one in August 2016.  In the first survey, out of some 360 beam 

ends, 48 beam ends had ‘significant’ or ‘severe’ spalling (see §136 and §137137 below for defining of these 

terms), which in our opinion are likely to have given rise to exposure of reinforcement and/or require repair 

– this constitutes 13.4%.  In the second survey, out of 401 beam ends, 54 beam ends had significant or 

severe spalling – this constitutes 13.5% had ‘significant’ or ‘severe’ spalling.  In addition to these, some 

12% of beam ends were found to have slight spalling which we consider to be sufficiently small to not 

warrant repair. 

 

Figure 20.  Spalling behind lateral restraint bracket 

136. ‘Significant’ damage means that some form of resin or anti-carbonation coating can be applied by jacking 

up the beams – this only applies where the reinforcement is not exposed and where there is some (albeit 

small) concrete cover to the steel.  We have assessed that, of the 13.5% significant or severe damage, 

some 7% (i.e. 53 No. out of 761) is ‘significant’.  

137. ‘Severe’ damage means that the reinforcement is likely to be exposed.  The Contract Specification 1700 

(i.e. Appendix 17/1) requires 50mm cover to the guideway beams for a Design Life of 40 years.  If the cover 

to reinforcement is severely reduced and if reinforcement is likely to be exposed, it is liable to corrode and 

potentially reduce the life of the concrete guiderails.  We therefore consider that such spalling constitutes 

a Defect and that repairs are needed to these areas which would involve lifting and inverting the guideway 

ladders.  We have assessed that, of the 13.5% significant or severe damage, some 6.5% (i.e. 49 No. out 

of 761) is ‘severe’. 
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138. We believe that the cause of the spalling is the localised pressure exerted by the lateral restraint brackets 

on the concrete at the lower corner of the guiderails.  In particular, if the bracket is not perfectly aligned 

against the concrete of the guiderail, there would be a point load contact which would then cause the 

spalling of the concrete. 

 

 

 

 

 

 

 

  Figure 21.  Diagram (Sectional Plan View) showing how spalling can occur 

 

139. This has implications for the remainder of the guideway which has not been investigated.  It is relevant that 

13.4% of 360 surveyed beam ends in February and 13.5% of 401 surveyed beam ends in August 2016 

(randomly selected) together constitute an almost identical picture and gives a good basis for assessing 

the overall extent of this spalling damage on a proportional basis, i.e. at around 13.4% of all beam ends 

over the entire guideway.  For a total of 761 beam ends surveyed out of 11252 beam ends on the entire 

guideway  (i.e. 6.75%), this means that there will currently be an estimated 1508 spalling repairs. 

140. On the basis of the assessed split between significant and severe damage given in §136 and § 137 above), 

we estimate that, of the 1508 repairs, 782 will involve application of a resin or anti-carbonation coating by 

jacking up the beams and 726 will involve lifting and turning the guideway ladders over to effect a competent 

repair including cutting back behind the reinforcement and using a proprietary concrete repair system.  We 

emphasise that these numbers are only estimates and actual quantities can only be determined by a 

physical inspection of every beam end. 

141. The repair of the spalling beams comprises substantive work to repair the guiderails.   Details are shown in 

Drawing 6 in Appendix H.  We envisage that this will probably entail dis-assembly of the ladders and 

inverting the beams to access the damage and carry out a competent repair.  We estimate that this could 

take 3 to 4 days per ladder and would mean closing the guideway. 

 

  

 

Mis-aligned restraint 
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CRACKING OVER CENTRAL SUPPORTS 

142. Calculations based on revised guideway ladder stiffness assessed from Investigation A show that surface 

crack widths are excessive in the top of the guideway beam, through the central supported area, and in the 

bottom of the guideway beam through the mid spans between the end and central supports. 

143. These cracks will require to be injected at the running surface with resin of appropriate viscosity or similar 

process.  We consider that it will suffice to paint the underside/soffit of the guiderails with bitumen paint. 

SUDDEN RAMPS/STEPS AT SLAB INTERFACES 

144. A slab interface occurs at the junction of a guideway ladder with an in situ concrete slab.  They are located 

at road crossings and burst throughs where the busway becomes unguided. 

145. The levelling surveys carried out in Investigation D identified sudden ramps/steps at slab interfaces some 

of which are greater than 12mm.  Some of these are associated with bearing/shim loss but we believe that 

others may be related to a construction defect with the in situ guiderail/slab being laid high and then the 

very end being ramped down to the joint as illustrated in the photograph below. 

 

Figure 22.  Step at joint between guiderail and insitu slab 

146. We consider this to be a Defect as it is not in accordance with the Works Information in the following 

respects: 

(i) Appendix 7/1, paragraph 14, Table 14.2 which permits no surface irregularities greater than 7mm; and 

(ii) Appendix 7/1, paragraph 21 which requires the vertical alignment to be with ±6mm of the design 

alignment. 

147. Furthermore, paragraph 15 of Appendix 7/1 states, “At junctions between the busway and public highway, 

the longitudinal and transverse surface regularity of the busway shall take precedence to ensure the ride 

quality of the busway is maintained.”  It is our view that the ride quality is not maintained at several slab 

interfaces. 

148. We envisage correction of this Defect will be by scarifying or reconstructing the in-situ concrete slab. 

In situ slab 

Guideway ladder 

Sudden ramp/ 
Step 
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THE NOTIFIED DEFECTS  

149. The investigations have provided additional information as to the causes of the Defects, but the Defects 

remain Defects because either the construction is not in accordance with the Works Information or because 

it is now known it is not in accordance with the accepted design. 

150. The following table summarises the Defects notified together with the implications derived from the 

investigations: 
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DEFECT 

REFERENCE(S) 
DEFECT DESCRIPTION 

INVESTIGATION AND/OR APPRAISAL 

EVIDENCE 
CONCLUSION(S) 

POSSIBLE 

REMEDY 

DEF 293 
Lack of longitudinal 
restraint from shallow 
foundations. 

Investigation I, braking tests, showed that the 
guideway ladders do not permanently displace 
under full emergency braking, from 56 mph to 
a stop, of an ABS equipped, equivalent fully-
loaded double decker bus. 

There is, however, uncertainty about 
performance of the guideway in the longer 
term and with the possiblity of heavier buses. 

There is also evidence that there is a lack of 
longitudinal restraint such that the ladders are 
moving with gaps at most of the fixed ends. 

 

 

Difference between simplistic theoretical 
assumptions and practice.  Design 
assumptions exclude, for example: 

i. factors of safety 

ii. external constraint variables such as: 

 soil/drainage media, friction against 
ladders 

 soil/drainage media, passive 
pressures (restraint) against ladders 
and foundations 

 overall ladder interaction, additional 
bearings contributing along length of 
the guideway 

 

Provide longitudinal 
restraint 
theoretically capable 
of accommodating 
horizontal loads.  
This includes 
intoducing ‘tied 
joints’ in place of the 
‘fixed’ joints. 

DEF 290 
Lack of longitudinal 
restraint from screw pile 
foundations. 

DEF 294 & 294a 
Lack of longitudinal 
restraint from brackets. 

DEF 284 
Lack of longitudinal 
restraint from 
consecutive free ends. 

DEF 268 

Lack of longitudinal 
restraint from flawed 
fixed end design and/or 
construction. 
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DEFECT 

REFERENCE(S) 
DEFECT DESCRIPTION 

INVESTIGATION AND/OR APPRAISAL 

EVIDENCE 
CONCLUSION(S) 

POSSIBLE 

REMEDY 

DEF 168, 193, 
196, 250 to 256, 
260, 263, 264, 
272, 276, 277, 
279, 280, 281, 
282 & 287A 

Bearing displacement 
and loss of 
bearings/shims. 

Investigations B and F indicate that shims 
and/or bearings can come out.  Investigation G 
indicates that the interface friction between 
concrete, shim and bearing elements can be 
below the minimum value specified for shim to 
bearing interface requirements.  Analysis 
shows that there is inadequate frictional 
resistance to adequately restrain the bearing – 
fails to comply with BS5400 Part 9.1. 

Guideway ladder does not have have and/or 
retain sufficient minimum permanent loading to 
shims and bearings, particulary those at the 
ladder ends.  This is exacerbated under 
transient imposed (bus) loading as well as full 
design vertical and/or transverse movement 
allowance.  Interface friction between concrete, 
shim & bearing elements is insufficient in all 
circumstances, whether there is out-of-
planeness in the guideway ladders or not.  
Displacement of a bearing can occur on a level 
ladder arrangement due solely to thermal 
expansion/contraction effects alone. 

Fix (bond) bearings 
to foundations and 
restrain shims to 
prevent the shims 
and/or bearings 
from displacing / 
‘walking’ and 
coming out. 

DEF 288A 

Lack of lateral restraint 
resulting in excessive 
lateral steps in upstand 
guide faces. 

Investigation E indicates that the lateral 
restraint brackets are substantially below the 
required capacity. 

Inadequate design. 
Introduce new 
lateral restraint 
bracket. 

DEF 279, 282  & 
283 

Foundation Type 1 to 
Type 2 interface. 

Not investigated, but photographed. 
The spacer block is unstable, being loosely 
laid on the precast foundation pad, and cannot 
transmit the loads adequately. 

Bed the spacer 
block on epoxy 
mortar to bond it to 
the pad foundation. 

DEF 009 
Reduced gap widths at 
free end joints. 

Investigation H suggests that gaps require to 
be at least 10mm 

Preference is to ensure gaps at all so called 
fixed ends to allow for beam rotation and avoid 
spalling. 

Ensure gap widths 
at free ends, 
nominally a 
minimum of 15mm 
at 150C, during 
remedial works.   
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DEFECT 

REFERENCE(S) 
DEFECT DESCRIPTION 

INVESTIGATION AND/OR APPRAISAL 

EVIDENCE 
CONCLUSION(S) 

POSSIBLE 

REMEDY 

DEF 289 
Excessive crack widths 
in guideway beams 
(>0.25 mm). 

Calculations based on revised stiffness 
assessed from Investigation A show that 
surface crack widths are excessive in the top 
of the guideway beam, through the central 
supported area, and in the bottom of the 
guideway beam through the mid spans 
between the end and central supports. 

Inadequate design. 

Sealing/injection of 
cracks in running 
surface with resin 
and sealing of soffit 
cracks with bitumen 
paint. 

DEF 292 
Non-functioning 
guideway drainage – not 
as designed. 

Not reviewed by Invesigations. Not in accordance with the accepted design. 
Correct drainage 
with adequate 
outfall. 

DEF 295 

Non-functioning 
guideway drainage – 
design does not 
accommodate soils of 
low permeability at 
Histon. 

 

Not reviewed by Invesigations. Inadequate design. 
Revise drainage 
arrangements. 
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DEFECTS THAT COULD BE NOTIFIED 

151. The following table summarises the Defects that could in our opinion be notified: 
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NEW 

POTENTIAL 

DEFECT 

DEFECT DESCRIPTION INVESTIGATION EVIDENCE CONCLUSION(S) POSSIBLE REMEDY 

DEF ___ 

Guideway ladder 
stiffness does not 
accommodate 25 mm 
vertical and 10 mm 
lateral differential 
movement stated in the 
DDG Rev 6 design 
document. 

Investigation A analysis indicates that the 
guideway beams can only accept 
equivalent of about 12mm differential 
settlement (relative to central support) at 
both ends longitudinally and about 4mm 
laterally. 

Inadequate design. 

Reduce potential foundation 
movements foundations such as 
pad foundations compliant with 
NHBC depths.  In addition, 
accept unpredictable amount of 
re- shimming when there is 
rocking or see-sawing of 
guideway ladders. 

DEF ___ 
Spalling located behind 
restraint brackets. 

Investigation K shows that about 6.75% 
of beam ends have significant or severe 
spalling. 

Loading concentrated locally as a line 
load or point load at interface between 
the concrete guideway beams and steel 
lateral restraint brackets.  The resulting 
stress concentration causes the 
concrete to locally break off. 

Repair areas of significant and 
severe spalling with proprietary 
concrete repair material.  Insert 
plastic shims between new 
lateral restraint bracket and 
guiderails to remove localised 
hard points. 

DEF ___ 
Sudden ramps/steps in 
excess of 2 mm located 
at slab interfaces. 

Investigation C & D demonstrates out-of-
tolerance running surface/slab interface 
levels. 

Not in accordance with the Works 
Information.            

Scarify or reconstruct slab. 
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REASONS WHY THE DEFECTS REQUIRE TO BE ADDRESSED  

Guideway Ladder Defects (GUD) 

152. Defects 268, 284, 287, 288, 290, 293, 294 & 294a, with the exception of drainage Defects DEF 292 & 295, 

have been collectively described as ‘The Grand Unified Defect’ or ‘GUD’ because the design is 

fundamentally flawed.  Proposed remedial measures essentially deal with individual Defects collectively; a 

solution dealing with one Defect actually deals with several at the same time.  The Defects relate primarily 

to displacement of bearing pads and shims and a lack of longitudinal restraint and lateral restraint.  In our 

opinion, a general lack of longitudinal restraint (a Defect previously notified and having several causes) can 

only be accommodated with the present articulation/fixity arrangement if CCC decides that buses greater 

than 18.0 tonnes gross weight will not be used on the busway.  In any event, it is necessary for the bearing 

pads and shims to be prevented from coming out. 

153. Remedial measures and/or periodic reactive repairs are required because there are ongoing problems with 

the guideway and its operation.  The fundamental problem is that bearings and shims are coming out 

resulting in steps in the guideway running surface.  These steps require temporary speed restrictions to be 

imposed on the buses until the bearings/shims have been relocated.  The bearing/shim relocation involves 

jacking up the guideway ladders, and generally has to be carried out at night time.  We believe that thermal 

expansion/contraction is the main cause of shims and bearing pads being displaced due to a lack of the 

friction required to retain them in position.  The mechanism by which thermal expansion/contraction can 

work the bearings/shims out is shown diagrammatically in Appendix B.  Previous maintenance works and 

Investigation F1 have shown several significantly displaced shims and bearing pads, and that survey B1 

indicates that some 20% of the shims have moved significantly relative to the bearing pads since January 

2014.  In addition, the investigations have revealed that the guideway ladders are much stiffer than was 

assumed in the design.  The design document had indicated that the guideway could accommodate (post-

construction) 25mm differential movement between foundations longitudinally and 10mm tilt across a 

foundation pad transversely.  It is now evident that this is incorrect; only significantly lower foundation 

movements can be accommodated.  Slight foundation movements can affect the bearing reactions 

considerably which in turn exacerbates the bearing and/or shim displacements due to thermal expansion 

and contraction.  We also believe these lower movements have been frequently exceeded such that the 

ladders can rock or see-saw, possibly causing the shims and bearing pads to be vibrated/bounced out of 

position. 

154. Lateral displacements are also occurring.  These give rise to horizontal steps in the guiderail upstands with 

associated speed restrictions.  Investigation E has shown that the lateral restraint brackets have maximum 

lateral restraint capacities severely below the design capacity of 50kN required by the Works Information.  

In addition to these issues, there are problems of cracking and spalling of concrete that require to be 

addressed and we believe this will have a significant impact on the time to carry out the remedial works.  

Guideway Ladders Remedial Works section commences at §171.  
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Drainage Defects 

155. The drainage Defects in the Histon area have not as yet been addressed and should, in our view, be 

corrected as soon as possible because of their potential impact on the foundations, i.e. softening of clays 

and a risk of future further foundation movement. 

Foundations – Defect 016 and 016a    

156. The Works Information required BAMN to comply with the Highways Agency document BD74/00 

Foundations and the associated British Standard BS 8006:1996 Foundations.  Annex A of BD74/00 updates 

the British Standard.  This requires the designer to use the National House Building Council (‘NHBC’) 2006 

Standard Chapter 4.2 ‘Building near Trees’, to determine the depth of foundation.  This standard is based 

on extensive records of movement of house foundations in the vicinity of trees. 

157. BAMN’s February 2011 Geotechnical Report states it did not adopt the NHBC Standard; it chose to adopt 

for the shallow foundations it constructed what it called “50% NHBC”, that is, the foundation depth was to 

be half way between the NHBC depth if no trees were present and the NHBC depth if there was a tree 

nearby.  For example if the NHBC standard required a depth of a foundation to be 2 m due to a tree and 1 

m if the tree was not present, BAMN would have used a depth of 1.5m.  In our opinion, this design approach 

was flawed. 

158. The design document had indicated that the guideway could accommodate 25mm differential movement 

between foundations longitudinally and 10mm tilt across a foundation pad transversely.  In our September 

2014 report we considered that on the basis of the design document statement on acceptable movements 

it was reasonable to accept foundation depths slightly shallower than NHBC depth foundations but not “50% 

NHBC” as the latter would potentially cause greater movements than the maximum 25mm between and 

10mm across supports.  Thus it still meant a substantial number of foundations were of inadequate depth. 

The foundation design as stated in BAMN’s February 2011 Geotechnical Report did not comply with the 

Works Information and substantially raised the risk of settlement/heave affecting the foundations and the 

magnitude of the differential movement between foundations.  

159. The results of the investigations have shown the guideway ladders to be significantly stiffer than expected 

and designed for.  This means they can now only tolerate significantly lower foundation movements than 

previously indicated by BAMN in its design. 

160. Given the low tolerances on movement that can be accommodated by the existing guideway ladders, in 

our opinion, a revised shallow foundation design alone would not correct the Defects as the differential 

settlement limits are below the value that we believe can be accommodated by the NHBC depth 

determination, and below that which can be reasonably estimated by calculation due to the number of 

variables (known and estimated) such as, soil type and properties, tree type and root locations and weather. 

161. We consider that if the foundation Defects are left uncorrected, future movements will lead to substantially 

reduced loads on the some of the bearings under the guiderails that will lead to further displacement of 

bearing and/or shims.  

Determination of extent of defective foundations requiring correction 

162. Our previous estimation of the number of shallow foundations requiring remedial works given in the 

September 2014 report was based on the BAM Nuttall’s DDG6 document differential settlement limits.   
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163. It is our view, from accumulated experience, that NHBC foundation depths generally allow up to 15mm of 

differential movement.  Given the sensitivity of the guideway ladders, in their existing condition, limits on 

longitudinal and lateral differential settlements will be considerably lower than tolerated by the NHBC depth 

determinations.  In our view without the guideway ladders being made more flexible all foundations on 

shrinkable ground will need to be piled to avoid potential excessive movement.  This would be an expensive 

and highly disruptive activity.  

164. We have thus, in assessing the extent of the foundations requiring correction, assumed that remedial works 

will be undertaken to the guideway ladders to allow them to tolerate movements in line with either the 

movements that we consider NHBC foundation depths would allow or the original design intent. 

165. We have also since September 2014 undertaken detailed assessment of the ground conditions by 

examining the various ground investigations and modelling ground conditions for each foundation rather 

than utilise the zonation of the site as developed by BAMN.  We have also further examined the existing 

tree locations to estimate the number of NHBC compliant and non-compliant foundations over the northern 

section based on the original centreline ground level.  Our current estimate is that this would result in 821 

non-compliant foundation locations (i.e. across both tracks) – there are 1795 shallow foundation locations 

in the northern section (excluding Orchard Park), so just under half have to be deepened.  It is our current 

opinion, that this would be a worst case scenario.  A best case scenario is not feasible to determine as the 

precise root development of existing trees, any management of the trees by third parties, the mortality rate 

and timing of such mortality and climatic changes are not predictable. 

166. It should be noted that remediating the foundations to NHBC compliant depths will not resolve the problems 

relating to the superstructure. In our view settlement will by this means be limited to up to 15mm at one end 

only of a guideway ladderand  whilst this is likely in our view to avoid much possible future see-sawing of 

the guideway ladders, the cracking over the central support is likely to increase (we have calculated this to 

be around 0.3mm), and would necessitate realignment of the guideway by re-shimming.  In addition, lateral 

settlement could also still occur resulting in rocking of the guideway ladders and similarly necessitating 

realignment of the guideway by re-shimming. 

167. If foundations are not remediated to NHBC compliant depths, then frequent development of see-sawing 

and rocking of the guideway ladders can be expected that will result in the need for more frequent re-

adjustment of the guideway levels over the design life of the guideway – shims would have to be added or 

removed to accommodate seasonal upward and downward movement of the foundations. 
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TIME RELATED IMPACT OF NON-CORRECTION OF DEFECTS 

Guideway Ladders 

168. If Defects are not corrected by means of a remedial scheme, then it is highly likely that bearing/shim losses 

at joints will continue to manifest.  In our view, to a large degree this will be associated with foundation 

movement but this is not always the case, and steps have formed at joints where the guideway ladder is 

not out-of-plane laterally by more than 1mm to 2mm (e.g. chainages 9673 to 9688 F and 41733 to 41748 

T).7  We consider that the cause of the latter is the lack of friction to resist horizontal movements due to 

thermal expansion/contraction.  The mechanism for this is shown in Appendix G.  

169. We regret that we are unable to provide meaningful prediction of bearing/shim loss in the future if a remedial 

scheme is not implemented, though we believe it will be widespread.  This unpredictability is because there 

are so many variables and unknowns relating to ground conditions, seasonal variations, tree root growth 

etc. and, most importantly, very little foundation movement (say 2mm transversely and longitudinally either  

12mm differential settlement between guiderail ends relative to the central support, or 6mm heave at 

guiderail centre) is needed to severely affect bearing/shim stability, reducing reactions by around 50% at 

one or more supports.  In addition, these will impact to varying degrees depending on what twist has already 

occurred (or was constructed) in the guideway ladders.  We would expect, however, given the results of 

Investigation D, for at least one third of bearings (say two diagonally opposite placed end bearings per 

ladder) over 95% of the guideway to be affected over the life of the guideway.  It could, however, be more 

than this given the effects of thermal expansion/contraction generally for which there is insufficient vertical 

load on the supports (even for an ‘in-plane’ ladder) to develop the required frictional resistance to keep the 

bearings/shims in place. 

Guideway Foundations 

170. Our concern is that with no remedial works, even minor localised changes to the groundwater regime may 

lead to differential foundation movements in excess of those referred to in §169 above.  In our view, it is 

not possible to predict with sufficient reliability where and when that might happen except that it is 

reasonable to assume that maximum settlement movements are most likely to occur during or towards the 

end of a long hot summer where vegetation is close by. 

  

                                                 

7  T = towards Cambridge, F = from Cambridge 
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GUIDEWAY LADDER REMEDIAL WORKS 

171. Unless a risk is taken on a reactive approach to ‘make do and mend’ when significant defects, steps etc. 

arise (which we are unable to quantify on account of the extremely sensitive behaviour of the ladder 

assemblies to ground movement and thermal effects), there are, in our view, three principal Options 

available in remedying the superstructure: 

(i) We have commented on the torsional rigidity of the existing ladders at §57 to §64 above.  We initially 

considered the concept of pinning four of the six spacer/guiderail connections and this led to evaluation 

of this concept, especially in relation to the effect on transverse loading of 50kN applied to the 

ladders.  Whilst the principle of changing the articulation is preferred in permitting the guideway 

superstructure to better accommodate transverse foundation movement, we have found from further 

analyses that this induces problems in accommodating the design 50kN lateral load which gives rise 

to unacceptable forces/moments being taken on a single spacer.  We therefore do not propose to 

change the articulation but this may mean that small foundation movements may necessitate re-

shimming by CCC on a possible regular basis to limit rocking of the ladders, though we are unable to 

quantify the frequency of this. This is due to the unknown level of distortion and tilt of the guideway 

ladders on construction and subsequent adjustment by BAMN and the inability to reliably predict with 

any precision such small movements.  The small foundation movements that can lead to this issue 

cannot be definitively prevented by the construction of the foundations to full NHBC depth.   

The option is therefore to alter the guideway ladder construction and design by providing restraint to 

bearings/shims and tying the fixed joints together with a gap to permit rotation and avoid spalling.  This 

would, in allowing a minimum nominal load reaction at guiderail end supports of approaching zero, 

involve carrying out foundation works to limit differential movement between foundations longitudinally 

to 15mm settlement at ends of guideway ladders (or 9mm heave in centre of guideway ladders8).  This 

approach will require all foundations to comply with the full NHBC depths.  We recommend this 

approach, although some re-shimming to limit rocking of the guideway ladders is still likely to be 

required to an unpredictable extent.  In addition to bearing/shim restraint would be provision of lateral 

restraint at all guiderail joints. 

(ii) Adopt a reactive approach, such that the remedial works outlined in Option (i) are only carried out 

when bearing and/or shim loss and/or rocking of guideway ladders occurs and/or lateral steps at joints 

becomes excessive such that emergency works are thereby required.  This would have the 

disadvantage of CCC implementing an unplannable repair regime which could be expected to be 

required over most of the remaining 35 year life of the guideway.  Given the required works to 

foundations as detailed in (ii) above, we believe that such an approach would incur an unknown, but 

inevitably unacceptable number and frequency of disruption events to bus operations.  

(iii) Adopt a reactive approach to the remediation of the guideway ladders outlined in Option (i) but 

undertake no remedial works to the foundations to minimise disruption to busway operations.  Some 

foundations are anticipated to settle.  Consequently, it can be expected that, even after carrying out 

                                                 

8 Except between chainages 17531 and 17901 continued heave in excess of 9 mm is not expected to occur.  
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guideway ladder remedial works, further foundation movement will occur that will necessitate jacking 

up of guiderail ladders and re-shimming to restore the guideway alignment and ride quality.  If 

settlement of foundations occurs that leads to an excessive overall thickness shims (>35mm as defined 

at note 10 on Drg No. CGB/GD/B/010Z), it will be necessary to install a concrete pad below the 

elastomeric bearing pad. 

Providing bearing/shim restraint 

172. Our current thinking is, having supported the guideway ladder on jacks and removed the bearing/shims, to 

core a single hole (say 38mm diameter) down through the centre and ends of the guiderail at the centre of 

each bearing and down into the foundation, a process called dowelling.  The shims and elastomeric pad 

would also be drilled (also 38mm diameter) at their centre.  A 20mm (say) stainless steel bar would then 

be inserted down the hole in the guiderail, through the drilled holes in the replaced shims and bearing pad 

and into the foundation.  The bar does not need to be fixed into the foundation concrete, since its purpose 

is merely to prevent the bearing pads and/or shims from creeping out.  From an operational viewpoint, the 

bar could be threaded at the top so that the bar can be removed with a threaded socket key should this be 

necessary to remove or add shims at a later date due to foundation movement.  A rubber disk is placed in 

the hole in the foundation pad would help to prevent the bar from rotating during the removal process.  A 

neoprene plug would then be placed in the hole at the running surface to seal the surface and prevent 

detritus entering the hole.  Details are shown in drawings, Drawings 1 to 3 in Appendix H. 

Providing longitudinal restraint 

173. Longitudinal restraint is provided by tying two guideway ladders together at the ‘fixed’ ends such that 

longitudinal forces are accommodated by 12 bearings.  Details of the tied joints are shown on Drawing 4 in 

Appendix H. 

Providing lateral restraint 

174. Dowelling of the supports described in §172 above would only provide notional restraint laterally.  To 

positively restrain the guideway ladders laterally and to prevent steps occurring in the guide faces, we 

recommend installing new restraint brackets bolted to the foundation concrete.  Details are shown in 

Drawing 5 in Appendix H. 

Consideration of Construction Trials 

175. If a proactive approach is preferred (as opposed to reactive works), consideration could be given to carrying 

out works to a small section of guideway to test the practicality of construction method(s) as well as 

effectiveness of the design. 

Addressing foundation movement (assuming foundation works are not implemented) 

176. If pad foundations are not remedied to control the amount of settlement and/or heave, then significant 

movement can be expected in certain locations.  Where settlement is excessive, re-shimming alone may 

not be sufficient and consideration may need to be given to inserting a concrete block beneath the bearing 

pad to limit excessive overall shim thickness, currently specified by BAMN’s design as 35mm maximum. 
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Addressing other Defects 

177. There will be other Defects that will require to be addressed such as spalling repairs, filling of cracks, and 

drainage works, irrespective of which remedial option is recommended. 

178. Not carrying out spalling repairs at the running surfaces and guide faces would adversely impact on ride 

quality, and not carrying out repairs to the larger spalling areas identified in Investigation K behind the lateral 

restraint brackets is likely to adversely affect durability of the guideway in terms of corroding reinforcement.  

Suggested details/methodology for carrying out the repairs to the bottom of guiderails are shown in Drawing 

6 in Appendix H.  We estimate that such repairs (to severe spalling) will be required at some 726 beam 

ends with repairs to lesser significant spalling involving resin coating at some 782 beam ends. 

179. As indicated above, Investigation K has revealed a problem of significant and severe spalling behind some 

13.5% of the lateral restraint brackets investigated.  We recommend that plastic shims or elastomeric pads 

are positioned between the new lateral restraint assemblies and the concrete guiderails to lessen the risk 

of point loads on the concrete and consequential spalling. 

180. Drainage works are required because waterlogging/ponding is evident around the foundations in certain 

locations which adversely affects the performance of the foundations. 

181. In the light of the foregoing, we consider that significant future expenditure on the guideway will be 

necessary for its continued satisfactory operation. 

Inspection and maintenance 

182. The current design does not allow for inspection of the condition of the restraint brackets and associated 

spalling or the condition of the bearings and shims without the removal of the shredded tyre drainage media.  

In our opinion, inspection chambers should be installed to allow the inspection of these components and 

should have been included within the orginal works given the inspection regime proposod by BAMN.  

Consideration should also be given to providing access to facilitate the addition or removal of shims.  

183. An inspection regime should be implemented based on the adopted remedial option.  In our opinion a 

walkover survey (checking and measuring steps in guiderails) and an annual condition survey (inspecting 

the restraint brackets for spalling and for bearing and shim movement) is necessary for all Options. 

184. Where foundation movement is expected to result in the need for shims to be added or removed further 

remedial work will be necessary.   

Engineering Methodology for Remedial Options 

Restrain bearings and shims and provide longitudinal and lateral restraint, Option (i) 

185. This approach will require all foundations to comply with the full NHBC depths and a long term inspection 

and maintenance regime to manage the risk that bearings and shims could still displace.   

186. This option would therefore comprise; 

(i) Detailed design of remedial solution; 

(ii) Progressive closure of the sections of guided busway to all users (night shift could be utilised for 

superstructure only works, full closure for foundation works and if spalling repairs are required to the 

bottom of guiderails); 
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(iii) Excavation of the drainage layer; 

(iv) Remediate guideway ladders; 

a. Raise guideway ladder; 

b. Turn over or disassemble; 

c. Repair spalling as in §141 above;  

d. Reassemble and/or turn over; 

(v) Remediate foundation; 

a. Removal of shallow foundation pads where not to NHBC depth; 

b. Excavation to NHBC depth and backfill with selected granular fill; 

c. Replacement of foundation pad; 

(vi) Lower guideway ladders onto bearings, and level with shims; 

(vii) Drill for shim restraint detail, place rubber disk in bottom of hole; 

(viii) Jack up, bond bearing pad to foundation and level with shims; 

(ix) Install shim restraint detail; 

(x) Install tied joint detail to provide longitudinal restraint; 

(xi) Install lateral restraint detail; 

(xii) Install inspection chambers and backfill drainage media; and 

(xiii) Allow for bi-annual walkover inspection and a low number of shimming interventions mainly relating 

to lateral foundation movement. 

187. In our opinion, this option will incur disruption related to CGB closure to 821 chainage locations where 

foundation deepening is required, and the locations are given in Appendix G.  We consider that this option 

minimises (but does not eliminate) the risk of rocking and/or see-sawing of guideway ladders from the 

effects of ground movements and traffic loading.  The requirement to implement a regime of bi-annual 

inspection and maintenance would be in order to identify and install/remove shims to allow for seasonal 

heave/shrinkage of clays and longer term shrinkage of clays due to tree influence. 

Reactive guideway bearings/shims restraint and lateral restraint with foundation remediation, Option (ii) 

188. The required works to foundations will still be as detailed in (i) above but we believe that the remediation 

would incur significant disruption to bus operations whenever bearing and/or shim loss necessitates 

remedial action.  In addition, there will be an unknown but probable substantial number and frequency of 

disruption events to bus operations in needing to carry out re-shimming of the guideway supports when 

subsequent rocking and/or see-sawing of guideway ladders occurs.  This approach will require all 

foundations on shrinkable ground to comply with the full NHBC depths and a long term inspection and 

maintenance regime to manage and limit (but not eliminate) the risk of rocking and/or see-sawing of 

guideway ladders occurring.  This option would therefore comprise; 
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(i) Detailed design of remedial solution.  Identify optimal scope of works (number of  support locations) 

to be undertaken on identification of remedial requirements; 

(ii) Notification following planned inspection and condition survey or inspection and survey following 

guideway performance deterioration identification; 

(iii) Reactive closure of the sections of guided busway to all users (night shift could be utilised for 

guideway ladder only works, full closure for foundation works and if spalling repairs are required to 

the bottom of guiderails); 

(iv) Excavation of the drainage layer; 

(v) Remediate guideway ladder  

a. Raise guideway ladder; 

b. Repair spalling as detailed in §141 above; 

(vi) Concurrently remediate guideway foundation;  

(vii) Removal of shallow foundation pads where not to NHBC depth; 

(viii) Excavation to NHBC depth and backfill with selected granular fill; 

(ix) Replacement of foundation pad;  

(x) Drill for shim restraint detail, place rubber disk in bottom of hole; 

(xi) Jack up, bond bearing pad to foundation and level with shims; 

(xii) Install shim restraint detail; 

(xiii) Install tied joint detail to provide longitudinal restraint; 

(xiv) Install tied joint detail to provide longitudinal restraint; 

(xv) Install lateral restraint detail;  

(xvi) Install inspection chambers and backfill drainage media; and  

(xvii) Allow for quarterly walkover inspection and a low number of shimming interventions mainly relating 

to lateral foundation movement. 

189. In our opinion, this option reduces the disruption related to CGB closure to 821 chainage locations where 

foundation deepening is required.  There will be a requirement to implement an intensive regime of 

inspection and maintenance in order to identify remedial interventions and to install/remove shims for 

seasonal heave/shrinkage of clays and longer term shrinkage of clays due to tree influence.  

Reactive guideway bearings/shims restraint, no foundation remediation, Option (iii) 

190. We expect that, following guideway ladder remedial works, further foundation movement will probably occur 

necessitating repeat or multiple re-shimming to restore the guideway alignment and ride quality. Further 

significant settlement of foundations may occur with time, leading to an excessive overall thickness of shims 

requiring the installation of a fixed concrete (or structural) pad below the elastomeric bearing pad. This 

option would therefore comprise; 
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(i) Detailed design of remedial solution.  Identify optimal scope of works (number of locations) to be 

undertaken on identification of remedial requirements; 

(ii) Notification following planned inspection and condition survey or inspection and survey following 

guideway performance deterioration identification;  

(iii) Reactive closure of the sections of guided busway to all users (night shift could be utilised for 

guideway ladder only works, full closure if spalling repairs are required to the bottom of guiderails); 

(iv) Excavation of the drainage layer;  

(v) Remediate guideway ladder; 

(vi) Raise guideway ladder; 

(vii) Repair spalling as detailed in §141 above; 

(viii) Lower guideway ladders onto foundation; 

(ix) Drill for shim restraint detail, place rubber disk in bottom of hole; 

(x) Jack up, bond bearing pad to foundation and level with shims; 

(xi) Install shim restraint detail; 

(xii) Install tied joint detail to provide longitudinal restraint; 

(xiii) Install lateral restraint detail; 

(xiv) Install inspection chambers and backfill drainage media; and  

(xv) Allow for quarterly walkover inspection and a number of shimming interventions relating to 

foundations not to NHBC depth and/or lateral foundation movement. 

191. In our opinion, this option will limit the disruption associated with CGB closure as no foundation deepening 

is required but there would be significant disruption partly because spalling repairs are required to the 

bottom of the guiderails.  With no foundation remediation, there will be an increased risk of rocking and/or 

see-sawing of guideway ladders.  Consequently, there will be a requirement to implement an intense regime 

of inspection and maintenance in order to identify remedial interventions and to install/remove shims for 

seasonal heave/shrinkage of clays and longer term shrinkage of clays due to tree influence. 
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APPENDIX A – CURRICULUM VITAE 
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APPENDIX C – SHIM DISAPLACEMENT FROM INVESTIGATION B1 PHOTOGRAPHS 

  



 

Cambridgeshire Guided Busway – Advisory Report on Guideway Defects and Corrective Measures 

 

92 

 

Blank for double-sided printing 

  



 

Cambridgeshire Guided Busway – Advisory Report on Guideway Defects and Corrective Measures 

 

93 

 

 



 

Cambridgeshire Guided Busway – Advisory Report on Guideway Defects and Corrective Measures 

 

94 

 

Blank for double-sided printing 

  



 

Cambridgeshire Guided Busway – Advisory Report on Guideway Defects and Corrective Measures 

 

95 

 

 

APPENDIX D – JOINT DISPLACEMENT SUMMARIES BY ATKINS 
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APPENDIX E – INVESTIGATION F SUMMARY 
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APPENDIX F – PROBABLE MECHANISM FOR ‘WALKING’ OF BEARINGS 
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APPENDIX G – INVESTIGATION E CHARTS 
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APPENDIX H – INDICATIVE REMEDIAL MEASURES 
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APPENDIX I – FOUNDATIONS 
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